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I. INTRODUCTION 


This literature survey is the second volume of the four 
volume final report for the INDUSTRIAL GAS TURBINE FUELS 
QUALITY/PROCESSING STUDY. 

This volume defines the information base used in the 
study. It also presents the reader with a compilation 
of selected information about currently available fuel 
quality, fuel upgrading options and on site processing 
options. The selected information is relevant to eco- 
nomically and environmentally acceptable generation of 
electricity from fossil fuel liquids by way of industrial 
gas turbines. 

The initial volume presents the study's conclusions. 

The two volumes subsequent to this volume describe fuel 
upgrading scheme and on-site processing options intended 
to improve the fuel or to render the products of com- 
bustions environmentally acceptable. 
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1 1 . SUMMARY 


The literature survey of petroleum-derived fuels for gas turbine 
applications addresses both distillate and residual petroleum-derived fuels. 
This same survey also defines properties and characteristics of current and 
near- future petroleum distillate fuel. Unlike shale oils and coal liquids, 
crude o1 produces signf leant quantities of residual fuel whose properties 
frequently require substantial upgrading. 

The literature survey for coal liquid products and processes Indi- 
cates differences between the relevant processes have less Impact upon product 
properties than do the separation steps or other down-stream processing used 
thus far to produce product samples. Signf leant product differences are 

associated with coal source. Fortunately the differences relate to attributes 
for which this study plans to evaluate upgrading costs. As a result the 
differences in coal liquid products disclosed by the literature survey will 
help define the cost/quality issues to be addressed In subsequent tasks of 
this project. 

The survey for shale oil properties Indicates a need to consider 
qualities of products both from In situ and from surface retorting. Metals 
content In shale oils will be a problem, perhaps even for distil late- type 
products. Non-organic elements appear to vary with oil shale source location 
- even with shale bed depth. The type of retorting process has little Impact 
on these properties. Furthermore, the variability In metals and salt content 
should be reduced by multi-retort commercial scale operations. 

The literature survey for fuel additives deals with reducing the 
adverse effects of corrosion and ash deposition in a turbine. These result 
from metals contamination In the fuel delivered to the turbine. The survey 
shows the fuel transportation system can be a major source of problems dealt 
with by on-site fuel additives. The additives to be used are Influenced not 
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only by contaminant nature and level in the fuel but also by the operating 
conditions of the turbines at a particular site. 

The literature survey for on-site treatment of fuels also deals with 
techniques for removing small amounts of harmful substances. The techniques 
include using aqueous extraction (i.e-. , washing a fuel with water) and such 
mechanical separation procedures as filtration and centrifugation. Those 
reported separation methods that exploit fluid density differences usually 
work for on-site turbine fuel treatment because the fuel is the ligher of the 
two phases. Such methods will have limited applicability (in their present 
form) for fuels which are the heavier of two fluid phases. 

The literature survey for control by exhaust gas treatment 
discloses very little information dealing directly with removal from 
industrial gas turbine off gas. The fuels used to date for industrial gas 
turbines are sufficiently low in sulfur content (for reasons other than 
exhaust gas quality requirements) that SOj^ problems associated with other 
fuel usages have not yet shown up for industrial gas turbines. Furthermore, 
the exhaust gas from an industrial gas turbine contains more oxygen and 
nitrogen (because of the excess air supplied to the turbine) than does the 
stack gas from most other fuel combustion processes. Thus, the SO^, cleanup 
requirement may not occur so frequently. Unfortunately, when cleanup is 
needed it may present a more costly problem. Cost would be expected to rise 
for two reasons. First, for a given fuel consumption, more gas must be 
treated. Second, for a given sulfur loading in the fuel, the concentra- 

tion in the stack gas would be lower to begin with. 

The literature survey for control does, however, identify 

processes which may be used to estimate costs associated with a possible 
future SOj^ removal problem related to industrial gas turbines. 

The literature survey for exhaust gas NOj^ control considers 
generated from fuel nitrogen as well as generated from the air-supplied 
N£. This survey also examines some turbine-combustor related activities 
intended to reduce the NO^ emissions problem. The survey describes a variety 
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of processes intended for NO^ removal from stack gases. The survey also 
identifies processes in development which mey perform SOj^ and NOj^ removal 
simultaneously. As is the case for SO^ removal, most of the literature about 
removal from gases relates to boilers rather than turbines. As is the 
case with turbines the larger amounts of excess air (300® rather than 20 %) may 
create unique problems. There is about three times the exhaust gas to treat 
and a much larger amount of air-supplied N 2 from wfiich the combustion process 
can produce NOj^ compounds. The survey notes that a substantial amount of NH 3 
(also used in fertilizers) would be consumed by several of the NOj^ removal 
processes. 


III. DHrAIlS* 


PETROLEUM DERIVED LIQUIDS 


IMTRODUCTION 

Petroleum fuel oils In general fall Into the following categories: 

1. No. 1 or Kerosene- type distillates which can be vaporized without 
forming excessive carbonaceous deposits. Even when no vaporizing 
burner Is Involved (e.g., high speed diesel engines or gas 
turbines). No. 1 fuel mc^y be specified where a fuel Is required 
which burns more cleanly than No. 2 or middle distillate. 


2. No. 2 or middle distillate which Is suitable for atomizing 
burners, or for diesel engines In Industrial and heavy mobile 

dcrviucy ur lOr' iiiudu inuuSur iat yaa uuiuiiica* 


3. Residuals and blends which may require preheating for handling 
and burning and are used In Industrial and large commercial 
furnaces, In low speed and some medium speed diesel engines, and 
In some gas turbines. 

See Figure 1 for general relationships of viscosity, density, and 
boiling range. 

The flash point and distillation requirements distinguish fuel oils 
from naphthas, gasolines, crude oils, and other petroleum materials containing 
more volatile fractions. However, ASTM specification D 2880 has recognized 
the potential use of these more volatile materials by defining them as 
"No. 0-6T" grade. D2880 also recognizes a "No. 3-GT" grade which covers 
distillates or low-ash blends of lower volatility than No. 2, even though such 
liquids are normally consumed In refineries as cracking stock. 

ASTM committees have written separate specifications for fuel oils 
(D 396), diesel fuel oils (D 975), aviation turbine fuels (D 1655), and gas 
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turbine fuel oils (D 2880). Tables 1 to 4, showing detailed requirements for 
each of these fuels, are attached. Specification D 396 is the basic fuel 
definition, D 975 emphasizes cetane number, D 1655 emphasizes thermal sta- 
bility, controlled volatility, and low freeze point (and covers only a No. 1 
and No. 0 grade), and D 2880 stresses the limitations on corrosive trace 
metals in the fuel. As written, the specifications permit the same fuel to be 
used in more than one type of equipment so long as it meets the different 
parameters and indeed, the D 2880 gas turbine fuel of commerce is normally 
fuel oil, diesel fuel, or occasionally jet fuel. 

ASTM specifications are written by committees including fuel 
producers, equipment manufacturers, users, and any other interested parties. 
Most federal, military, municipal, and industrial fuel specifications are 
patterned on the ASTM models, and if up to date, include the same limits shown 
in the attached tables. 

CURRENT DISTILLATES FUELS FOR GAS TURBINES 

Surveys on heating oils, diesel fuel oils, and aviation turbine 
fuels are published annually by Bartlesville Energy Technology Center under a 
cooperative agreement with the American Petrol eun Institute. Summary tables 
show the characteristics of fuels produced in the United States and tabulated 
(except for the aviation fuels) according to the areas in which they are 
marketed. These data provide excellent coverage of the desired fuel proper- 
ties except for the following: 

1 . Hydrogen Content 

From the following formulas, hydrogen can be calculated with a 
reported accuracy of 1 % for petroleum liquids that contain no 
sulfur, water, or ash: 
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H = K-15S 


where H = percent hydrogen 

S = specific gravity at 60°/60“ F 
K = constant from following table 


; GRAVITY 

K 

0-9 

24.50 

10-20 

25.00 

21-30 

25.20 

31-45 

25.45 


2. Nitrogen Content 

Nitrogen content varies greatly with the source of the oil, being as 
high as 0.66% by wt. in some California crude oils. The higher 

boiling fractions of a crude contain higher concentrations of 

nitrogen, so that the residue boiling over 830“F is afr.ut double that 
of its concentration in the original crude. See Figure 2, relating 

nitrogen content to boiling range, and Tables 18 and 19 showing 

nitrogen contents of typical crudes. 

In in-house surveys, nitrogen content of No. 1 fuels is of the order 
of 1 to 10 ppm; of No. 2 fuels is 20 to 130 ppm; of No. 6 fuels is 
200 to 800 ppm (0.2 to 0.8% by wt.). 

3. Aromatics Type 

No. 1 fuels are virgin distillates, and the aromatics content is 
effectively limited by combustion requirements, at least in the 
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kerosene and jet A grades. Total aromatics of 15 to 18X by volume is 
typical. 

No. 2 fuels vary from virgin "premium" (high cetane) diesel fuels of 
35-40 API gravity to blends of minimum API gravity (30”), containing 
30 to 50% cracked distillates which may or may not have been hydro- 
genated. The cracked Ingredient in the blend may contain 60 to 80% 
aromatics, but the finished blend is limited to about 35% aromatics 
by specification constraints on API gravity and/or cetane number. 


Table 20 shows detailed hydrocarbon analyses for five different No. 2 
distillate petrol eun products, plus supplemental inspection data to 
indicate the relationship with gravity, distillation, and aniline 
point. Aromatics content depends on the analytical method used for 
analysis. Data in Table 20 are based on FIA analysis which has the 
recognized shortcoming of including a significant number of paraf- 
finic si dechains linked to aromatic rings. The more recent concept 
of aromaticity expressed as carbon-hydrogen ratio will give somewhat 
lower numbers.* 


4. Heat of Combustion 


Heat of combustion is normally calculated from gravity, sulfur, and 
water and sediment content. (The latter two typically represent an 
insignificant correction for distillates.) See Table 21. The rule 
of thumb is 135,000 BTU/gal. gross heat of combustion for kerosene 
and other No. 1 distillates, and 140,000 BTU for No. 2 distillates 
but the value for a specific distillate may be above or below these 


* Pillsbury, P. W., Mulik, P. R., Singh, P. P., "Fuel Effects in Recent 
Combustion Burner Tests of Six Coal Liquids," ASME Paper 79-GT-137, 
presented in San Diego, CA, March 12, 1979. 
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figures. Heats of combustion for aviation grades of No. 1 distil- 
lates are shown in Tables 16 and 17, ranging from 18,514 to 18,622 
BTU/lb., net. 

5. Thermal Stability 

Thermal stability of aviation grade JP-4 (No. 0-6T) and No. 1 
distillates is exprpccod as potential gum and also as pressure drop 
in the CFR Coker (ASTM D-1660) in Tables 15, 16, and 17. Compre- 
hensive surveys based on JFTOT tests (ASTM D 3241) are not available 
at present. 

Thermal stability of No. 2 distillates is usually measured by 
weighing the sludge that can be filtered out of a measured quantity 
of distillate after a period of heating, usually at 210 “F. A 
standardized version of this test, which involves oxygen bubbling 
through the oil while it is heated, is described in ASTM D2274. 
Government specification MIL-F-16884G, "Fuel Oil, Diesel, Marine", 
includes this test with a limiting value of 2.5mg/100ml sludge, 
maximum. Accelerated stability tests become less reliable as the 
temperature and rate of acceleration are increased, but ASTM D2274 
has official sanction and fair acceptance for distinguishing between 
acceptable stability (virgin distillates and blends with cracked 
distillates stabilized by hydrogenation and/or additives) and 
unacceptable distillates (usually those containing appreciable 
oxygen, nitrogen, sulfur-containing compounds and/or olefinic 
ingredients) . 

6. Trace Metals 

Ash-forming elements are usually so low in concentration as to be 
below the level of detection in petroleum distillates as manu- 
factured. A few exceptions are as follows: 
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• Distillates that have been caustic-washed, "doctor-treated," or 
copper- sweetened without adequate after-treatment may contain 
caustic, lead, or copper, usually in concentrations of 0.5 ppm 
or less. 

• Dispersants or combustion- improvers containing barium, magne- 
sium, manganese, lead, or other elements may be added to the 
fuel, ref/Ulting in concentrations of these metals which may be 
of the order of 5 or 10 ppm. 

Tables 22 and 23 show the typically low metals content of ten 
different distillates at the refinery.* 

Fuel producers generally refuse to guarantee such low metals 
content, primarily because of possible contamination after the fuel leaves the 
refinery. For example, mafine transportation Is likely to introduce traces of 
salt, and pipelines or other common carriers used for gasoline are likely to 
introduce traces of lead. Consequently, ASTM specification D2880 for gas 
turbine fuels recommends that vanadium, sodiun plus potassium, calcium, and 
lead not exceed 0.5 ppm in concentration, but this recorrenendation is relegated 
to the Appendix rather than the table of detailed requirements. 

In addition to the information in the Appendix of D2880, compre- 
hensive summaries of the problems related to trace metals in gas turbine fuels 
are presented in ASTM Special Technical Publication 531, "Manual on Require- 
ments, Handling, and Quality Control of Gas Turbine Fuel," American Society 
for Testing and Materials, Philadelphia, PA 19103, 1972. Table 24, based on 
one paper from that book, shows the range of contaminant concentrations that 


* Sampling and analysis must be conducted with extreme skill to avoid mis- 
leading results based on contamination of the samples themselves; e.g., 
sodium leached from glass bottles, lead from soldered joints in cans, and 
calcium from the roll oils used in manufacturing the cans. 
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can be encountered, but the paper does not specify where in the distribution 
system the various samples were obtained. The paper is followed by printed 
discussion by Messrs. J.A. Vincent and D.L. Beers showing data on samples from 
4 refineries, 8 distribution terminals representing tanker, barge, pipeline, 
and truck shipments, and 13 different customer delivery points. These data 
show that distribution contamination takes place, especially with regard to 
the lead level, and a more sophisticated and costly distribution system would 
be required to keep contaminants in No. 2 Fuel dov/n to the order of 0.1 ppm. 


Another very pertinent paper from ASTM Special Technical Publi- 
cation 531 is "Experience with Distillate Fuels in Gas Turbines'' by 
Messrs. R. Del Favero and J.J. Doyle of Consolidated Edison Company of 
New York. Table 25, comprised of two tables from their publication, shows 
critical trace metals concentrations in gas turbine fuels received at Con Ed 
from May to July 1971, plus a summary covering May 1971 through March 1972. 
Quoting from their publication, "...we have been unable to meet the stringent 
aircraft engine metals specification, and do not believe fuels meeting that 
specification can be purchased in New York Harbor. We have, therefore, 
directed our attention to proper fuel housekeeping, and to preventing accep- 
tance of those occasional obviously contaminated shipments." 


In reviewing distillate oil characteristics to select two represent- 
ing best and worst examples for test work, much depends on the definition of 
distillate. Jet A, or better yet. Jet B (JP-4) would represent the cleanest 
burning distillates. At the other end of the scale, the GT-3 fuels would 
represent the more troublesome distillates, both from the viewpoint of 
combustion characteristics and also the trace metals content. Four ASME 
papers report partial data on different GT-3 fuels, giving some impression of 
fuels in this category. (See Exhibits A-D). 


If the definition of distillates is narrowed to only No. 2 Fuel Oils 
meeting ASTM specifications, the best fuel would be one of the premium diesel 
fuels with an API gravity of 38-40“ API, as shown in Table 20. (The severely 
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hydrotreated fuel with API gravity 41.7 is not considered here since it 
represents fuel of an uncommon quality). 

The lowest quality No. 2 which would still meet ASTM specifications 
would have the minimum acceptable API gravity (30®), maximum permissible 90% 
point (640F), and maximum carbon residue content (0.35%, on 10% bottoms). If 
it also contained 0.5% sulfur or more, plus measurable olefin content, it 
would probably exhibit poor stability along with the attendant problems of 
darkening and sludge formation in storage, or in heated parts of the equip- 
ment. 


Variations among No. 2 Fuels are much narrower than the differences 
between No. 1 (or No. 0-6T) and No. 3-GT fuels, and the choice of a “best" and 
"worst" distillate might be more meaningful if not limited to fuels of No. 2 
grade. 

CURRENT RESIDUAL FUELS FOR GAS TURBINES 

As with distillate fuels, the annual surveys on heating oils from 
Bartlesville Energy Technology Center show the characteristics of residual 
fuels produced in the United States. Pertinent summary tables from the 1979 
surveys are reproduced here as Tables 26 to 29. No. 4 Fuel Oil can be 
regarded as roughly a 50-50 mixture of refinery residue with distillate. No. 5 
as an 80-20 mix, and No. 6 as a 90-10 mix. No. 4 and No. 5 are often blended 
from No. 2 and No. 6 at a marketing terminal or jobber's plant. The reason 
for the different grades is to reduce the viscosity and pour point character- 
istics to suitable levels for different types of equipment while minimizing 
the use of costly distillate. 

Characterization of No-, 6 Fuel Oil as a 90-10 mix of petroleum 
residue and distillate is an oversimplification, of course, since a variety of 
ingredients may _be included. For example, high molecular weight polymers 
formed as by-products in the manufacture of alkylate (a high octane gasoline 
component) may be added to the normal residuals. It is important that, as 
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fuel ingredients, the polymers be free from traces of sulfuric acid or 
hydrofluoric acid used as the alkylation catalyst. 

"Decanted oil" is also widely used as an ingredient of residuals. 
"Decanted oil" represents the by-product polymers formed In a fluid catalytic 
cracker (FCC unit). Such a unit converts high-boiling vacuum distillates into 
gasoline-range and heating oil -range distillates. Because the heavy polymer 
comes from the FCC unit mixed with catalyst fines, it is decanted off of the 
fines after a period of standing, hence its name. It is extremely aromatic 
and heavier than water, but it is relatively low in viscosity and is virtually 
free of vanadium and nickel because it is made from distillate. The "Midwest 
No. 6" Fuel Oil in Table 31 happens to be practically 100% decanted oil and is 
distinguished by low gravity, low viscosity, high carbon-hydrogen ratio, and 
an ash analysis reflecting traces of alumina-silica cracking catalyst. 

No data are shown here from the annual BERC survey of diesel fuels, 
since the S-M (stationary and marine) grade in that report is primarily 2-D 
fuel rather than the residuals and blends that are widely used for slow-speed 
diesels in overseas and deep-draft marine practice. 

Residual fuels are portions of the crude oil that are not vola- 
tilized in distillation. With distillation at atmospheric pressure, this 
usually includes everything boiling above about 680“F. If the "atmospheric 
residue" is next distilled under vacuum, the consequent residue will represent 
everything with a boiling point higher than 950-1050®F, depending on the 
operating conditions. (The still is not actually operated at such high 
temperatures because the hydrocarbons would be chemically decomposed, or 
"cracked." The 950-1050°F represents hypothetical boiling points at atmos- 
pheric pressure, calculated from the true temperature and pressure in the 
vacuum still.) In the quest for greater yields of the more valuable light 
hydrocarbons, various thermal and catalytic processes have been developed to 
deliberately decompose the "vacuum distillate," ending up with a small volume 
of highly cracked residual liquid or even a solid coke. Thus, the yield of 
residual fuel might range from 50% of the whole crude in a simple topping 
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plant, down to zero In the ultimate gasoline refinery. Geographically, the 
gasoline refineries are concentrated in North America, with European refi- 
neries beginning to follow suit. With the worldwide crude production peaking 
out, there may well never be need for additional crude distillation capacity, 
but there is prospect of increasing the world's cracking capacity about 50% to 
convert a larger portion of the residual into lighter products. 

International Petroleum Encyicopedia, 1979 (The Petroleum Publishing 
CcHnpany, P.O. Box 1260, Tulsa, OK 74101) shows the following statistics which 
quantify the preceding discussion. (See Exhibit E.) 

Increased refining severity has the following effects on the quality 
of residual fuels oils: 

1. The ash-forming ingredients in the crude, such as vanadium and 
nickel, are concentrated into a smaller volume of residual product. 

2. Viscosity of the residual is increased, often to the point where 
undiluted residuals are solid tars at room temperature. 

3. The thermally stressed residuals may precipitate filter-plugging 
solids when diluted with less viscous oils. One hypothesis for this 
phenomenon is that the residual consists of colloidal, high molecular 
weight asphaltenes held in a dispersed state by resinous components; 
a cutter stock dissolves away the resins and allows the colloids to 
agglomerate. Whatever the explanation, ASTM Test D2701, "Compatibi- 
lity of Fuel Oil Blends by Spot Test," is useful for predicting 
troublesome blends. 

With the growing emphasis on a clean environment, processes have 
been developed for desulfurizing residual fuels by hydrogenation. Some 
processes for partial desulfurization involve vacuum distillation of the 
residual, followed by desulfurization of the distillate portion and reblending 
of the purified distillate with the residue. Direct desulfurization of the 
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whole residual is more costly and difficult, but there is need for it and it 
is being done commercially in a few places. Table 33 shows the sulfur levels 
and trace metals' content of residuals from Kuwait and Alaskan North Slope 
crude after desulfurization at various levels of severity. 

Aside from the influence of refining procedures on residual fuel 
quality, the initial crude oil characteristics obviously also have a great 
effect. Important features here are primarily the wax content, which affects 
the pour point and filter plugging tendencies; the ash concentration and ash 
composition, which affect the high temperature corrosion and deposition 
characteristics; and the sulfur content, which affects low temperature 
corrosion and emissions characteristics. Ranges of sulfur content and pour 
point are show in Tables 26 to 30. 

With respect to nitrogen content of residual fuel. Tables 18 and 19 
show 35 to 40 crudes ranging from 0.004 to 0.66%, and Table 31 shows four 
finished residuals with nitrogen contents of 0.31 to 0.92%, with the higher 
sulfur residuals showing higher nitrogen contents, although the relationship 
is not rigorous. 

As a generality, residuals from Venezuelan crudes are high in 
vanadium (typically 150 ppm but possibly as high as 500 ppm); Middle East 
crudes yield residuals of about 80 ppm vanadium, and domestic (U.S.) crudes 
about 10 ppm. Low sulfur crudes such as those from West Africa also tend to 
be low in vanadium content. Tab\_' 31 shows ash content, ash analysis, and 
other properties of eight different Nc/. 5 and No. 6 Fuel Oils in the United 
States, which reflect a variety of crudes and refining treatments. 

An article in Oil & Gas Journal , August 7, 1972, shows the vanadium, 
nickel, and other ash-forming ingredients in 278 crudes from various parts of 
the world. This information is abstracted in Table 32 which shows high and 
low metals content crudes from various areas. The highest vanadium contents 
are in the heaviest (lowest API gravity) crudes, and the vanadium exceeds the 
nickel content. However, Table 31 includes a couple of No. 6 Fuel Oils in 
which nickel exceeds vanadium. 
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One study* on 23 U.S. crudes showed 16 oils with the following 
relationship of ash metals: V>Ni>Cu>U. For 5 of the oils, the order was 

Ni>V>Cu>U. For the remaining 2 oils Cu was predominant. All of the 16 oils 
with the first pattern of abundance were from reservoirs of Jurassic age or 
older, whereas the 5 In which nickel predominated were Jurassic or younger. 
Since nickel has been shown to have some potential for inhibiting high 
temperature corrosion by oil-ash,** it is possible that the nickel-vanadium 
ratio in the oil could have an influence on corrosion results. 

The alkaline and alkaline-earth elements associated with crudes and 
residuals are generally inorganic compounds and thus insoluble in the oil. 
Although extremely important in high temperature corrosion, it has long been 
recognized that they can be removed to a great extent by washing or other 
physical treatment of the oil and are not an intrinsic part of its chemical 
structure.*** 


In reviewing residual oil 
representing best and worst examples 
emerge: 


characteristics to select two oils 
for test work, the following choices 


1. The very best would be a heavily hydrogenated residual such as a 
product of Type IV HDS treatment in Table 33. It might be argued 
that such an oil should be excluded because it represents advanced 
technology, used only overseas up to the present time although 
developed in the United States. 


*Ball, J.S., Wenger, W.J., Hyden, H.J., Horr, C.A., and Myers, A.T., 
"Metal Content of Crude Petroleums," presented before the Division of 
Petroleum Chemistry, American Chemical Society, 4/8-13/56. 

** Amero, R.C., Rocchini, A.G., Trautman, C.E., "Small-Scale Burner Tests 
to Investigate Oil -Ash Corrosion," ASME Paper No. 58-GTP-19, presented 
at the ASME Gas Turbine Power Conference and Exhibit, Washington, D.C., 
March 2-6, 1958. 

*** Buckland, B.O., Sanders, D.G., "Modified Residual Fuel for Gas Tur- 
bines," ASME Paper No. 54-A-246, presented at the ASME Winter Annual 
Meeting, New York, NY, November 28-December 3, 1954. 


16 


2. The next best candidate from the viewpoint of high quality would be a 
virgin atmospheric distillate from a selected low vanadium crude; 
probably one in which the nickel content exceeded the vanadium 
content. In Table 31, the "Gulf Coast No. 6-l%S" and the "African 
No. 6" come closest to these qualifications among the true No. 6 Fuel 
Oils. Outside of this strict category, the "East Coast No. 5" and 
the decanted oil ("Midwest No. 6") offer lower metals content. 

3. For a typical low quality residual, the obvious candidate is a high 
vanadium Venezuelan residual which has been made by vacuum distilla- 
tion followed by visbreaking (a form of thermal cracking). The 
"Caribbean No. 6" of Table 31 can be viewed as being in this category 
although other specific examples could no doubt be found in which the 
vanadium content would exceed 200 ppm and because of higher viscos- 
ity, a concentration of sodium as high as 80 ppm might be entrained. 
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COAL LIQUID PRODUCTS 


INTRODUCTION 


This survey provides a data base about the properties of these coal 
liquids. Three representative processes are described in order to clearly 
identify the samples in terms of process streams and their processing his- 
tories. Since no integrated demonstration plant has yet been built for any of 
these processes, the pilot plants and process development runs In which the 
samples discussed here were produced may differ from the eventual demon- 
stration plant products. Probably the pilot-vs-demonstration plant differ- 
ences will be greater in yields of various fractions than in the product 
properties. 


For the purposes of this study we have tried to select coal liquid 
product fractions from the processes which are all in the same boiling ranges. 
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petroleum fuels: naphtha (200-350®^, middle distillate (350-600“F), heavy 

distillate or gas oil (600-950“F) and residuum (950®F+). Middle distillates 
are presently the most appropriate boiling range for gas turbine fuels. 
Although some gas turbines presently burn heavy distillates and residuals, a 
heavy distillate or residual coal liquid would probably present excessive 
emissions and combustor overheating problems. Nevertheless, some OEM's may 
develop the necessary equipment, and data on such coal liquids are included in 
this survey. Althoi gh naphtha fractions would be desirable gas turbine fuels 
because of their lower nitrogen and aromatics contents and ease of ignition, 
they will probably, instead, be used as chemicals or gasoline feedstocks for 
greater value; nevertheless, some naphtha data are included here. 


In all three coal liquefaction processes, increasing operating 
severity (reactor residence time, temperature or hydrogen pressure) increases 
the yields of the lighter fractions as well as the hydrogen consumption and 
the capital equipment requirements. Furthermore, increased severity may also 
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result In decreased nitrogen and aromatics content of each boiling range of 
the products. 

Each of these process development projects has Included tests of the 
hydrotreating of coal liquids product subsequent to its removal from the 
liquefaction process system Itself. Such treatment is conventional tech- 
nology, and can be conducted to remove nitrogen and aromatics to the degree 
desired. For example, full-range SRC-II product (containing 1.0% nitrogen) 
was hydrotreated to <0.1% nitrogen by Chevron, and H-Coal and EDS products 
containing 0.2-0. 6% nitrogen have also been shown to respond as effectively to 
such hydrotreating. The EDS processing system contains a hydrotreater as an 
integral part of the process (the "solvent hydrogenator" in Figure Cl); it 
hydrotreats coal liquid distillates as they are recycled back to the pul- 
verized coal liquefaction reactor. The liquid withdrawn from this solvent 
recycle loop at the outlet of the solvent hydrogenator has many of the same 
characteristics (low nitrogen content, etc.) as SRC-II or H-Coal products 
which have received subsequent hydrotreating. Apparently there were no 
appreciable volatile metal o-organic compounds in SRC-II products. Other coal 
liquids may be expected to be similar in this respect. 

Our descriptions of the three coal liquefaction processes and their 
products also contain references to process development project reports 
permitting identification of the runs which were the source of the samples 
described. Most of the hydrotreating studies to date have used full-range 
(middle plus heavy distillate) coal liquid products as their feed. Although 
such coal liquid products were successfully upgraded, much milder and less 
expensive conditions might suffice for upgrading only the middle distillate 
coal liquids. Product specifications alone are not sufficient. Recycle rates 
and yields would help for cost vs quality purposes. Gaps in the tables of 
properties indicate absence of data from the references. The SRC-II, H-Coal 
and EDS processes are described in the following sections. 
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A, The SRC-II Process 


This process had its origins in the SRC-I process developed by 
Pittsburg and Midway Coal Mining Compar\y between 1965 and 1975. In the SRC-I 
process (originally named the Solvent Refined Coal process) (SRC) solvent and 
hydrogen were reacted with the coal at high temperature and pressure, liquefy- 
ing the coal. Much of the coal entered the liquid phase, freeing ash. The 
reactor effluent was filtered to remove ash and after gas-liquid separation, 
solvent was separated from the liquid phase for recycle, leaving the SRC-I 
product which solidified when cooled below 200-300*^. 

The SRC-II process shown in Figure Al^^^ differs in several ways 
from the SRC "I process. The reactor effluent passes through a separations 
section which recycles some "product slurry" into the reactor. This recycle 
of "product slurry" returns ash to the reactor, where it contributes catalyti- 
cally to the liquefaction of the coal. Recovery of liquid products is via 
distillation and the vacuum tower bottoms are fed to a gasifier which converts 
uni i queried coal to hydrogen reactor feed and ash to inert mineral residue. 

The SRC-II liquid product samples whose properties are described 
below were produced at the Ft. Lewis pilot plant. The separations systems at 
the Demonstration Plant will have a different structure than those at P-99 and 
Ft. Lewis. There will be three liquid products from the Demonstration Plant 
and commercial operations, characterized by their boiling ranges, which will 
general y correspond to the present petroleum products: naphtha, middle 
distillate fuel oil and a heayy distillate. 

In most Ft. Lewis operations through 1979, the "fuel oil" stream in 
Figure A1 was further separated into middle distillate (MD) and heavy distil- 
late (HD). The cut-point between the naphtha and middle distillate has been 
350®F, and between the middle distillate and heayy distillate (HD), 550“F. 
These are the distillation ranges of the MD and HD fuel oil products whose 
properties are described below in Table Al. (The upper distillation range of 
HD has been 950-1000“F.) However, studies are planned for 1980-1982 which may 
reveal that the product slate would be optimized by shifts of 50-100®F in 
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these cut-points, Implying corresponding shifts in the properties of the 
Demonstration Plant products. 

The ranges in the values given in Table A1 indicate the values for 
products from several bituminous coals. Including Pitt Seam, W» Kentucky and 
Illinois No. 6. The limited variations between these coals did not greatly 
affect fuel properties; however, effects on product yields were appreciable. 
Because subbituminous coals contain little ash which catalyses coal liquefac- 
tion, such coals result in non-commercial product yields in the SRC-II process 
and no such product property data are presented here. 

The sulfur contents of the middle distillate and heavy distillates 
are, respectively, 0.2% and 0.47-0.50% (maximum), and their nitrogen contents 
are close to 1.0% and 1.3%, respectively. 

According to the present plans for the SRC-II Oemonstration Plant, 
the Gas Turbine Fuel Product will closely resemble the above middle distil- 
late, although its final boiling point may differ. The other Demonstration 
Plant Fuel Oil Product will be a Boiler Fuel Oil, which will resemble the 
heavy distillate, approximating a No. 4 fuel oil except for its nitrogen and 
aromatics content. 


REFERENCES 


Al. D. M. Jackson and B. Schmid, "Production of Distillate Fuels by SRC-II," 
presented at the IGT symposium, "New Fuels and Advances in Combustion 
Technology," New Orleans, March 26-30, 1979. 
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B. The H-Coal Process 


The unique feature of the H-Coal process is the design of the 
liquefaction reactor. This vessel operates at 800-900“F and 2,000- 
3,000 psi, contains suspended liquefaction catalyst particles, and receives a 
feed of recycled heavy distillate coal liquid, pulverized coal and hydrogen. 
The entire contents of the reactor are strongly back-mixed. Catalyst is 
prevented from exiting the reactor by screen baffles; however, these baffles 
permit exit of coal and ash particles. These baffles contain the catalyst bed 
in a manner allowing catalyst withdrawal and replacement in fluid suspension. 
The system is termed an ebulliated bed. The process has been studied in 24 
Ib/day bench units and a 3 ton/day process development unit (PDU), and a 600 
ton/day pilot plant is proposed. 

The H-Coal process is represented by Figure Bl. It includes flash 
vapor-liquid separators and atmospheric and vacuum distillation units which 
produce product streams of light and heavy distillate and a bottom slurry for 
ash disposal. Some heavy distillate is recycled to the reactor for solvent. 

Table Bl shows the effects of processing severity and coal type on 
the relative yields of the product fractions. Comparing columns A and B, low 
severity (Column A) maximizes the yield of residual fuel and high 
severity (Column B) maximizes the yield of lighter distillates, r narison of 
Columns D and E shows that at high severity processing conditio,.. . yields 
of lighter products are somewhat higher from Wyoiak coal that from Illinois 
No. 6 coal. (Column C lists the yields reported in Ref. 3; conditions were 
unspecified). Table Bl also reports the increased hydrogen consumption with 
increased severity. 

Table B2 lists the inspections of a number of H-coal products 
available in the referenced sources. The following are some comments on these 
samples, referring to their "quality" as reflected by their nitrogen contents. 
Samples A and B were submitted as the most appropriate products for gas 
turbines; Sample B was upgraded by hydrogenation independent of the H-Coal 
units. Samples C and D have lower nitrogen levels, but their low-boiling 
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material may be more likely to be used for chemicals or gasoline. Samples A 
and E-G are all middle distillates and have approximately the same nitrogen 
contents, 0.2-0. 4%. Samples G and I are heavy distillates and contain 
0. 7-1.0% nitrogen. Although these data appear consistent, several other 
citations of inspection data are available in which the nitrogen levels are 
considerably lower in samples corresponding to the above; a critical review of 
these inconsistencies is needed. Comparison of Columns F-I shows that 
Wyodak coal products contain 30-50% less nitrogen than do the products from 
Illinois coal. No comparative data were available to Indicate whether a 
middle distillate fraction from high-severity processing would contain less 
nitrogen than a middle distillate fraction from low severity conditions, given 
the same coal. 


REFERENCES 


Bl. C. A. Johnson et al., "H-Coal : How Near to Commercialization?"*, pre- 

sented at symposium. Coal Gasification and Liquefaction; Best Prospects 
for Commercialization," University of Pittsburgh, August 6-8, 1974. 

B2. Oil and Gas Journal, August 30, 1976, p. 52 

B3. Private Communication, P.F. Kydd, March 1980. 

B4. P. P. Singh et al., ASME Preprint 80-GT-67, presented at the ASME Gas 
Turbine Division Conference, New Orleans, March 10-13, 1980. 

B5. Private Communication, P. F. Kydd, 1976. 

B6. Shaw, Henry, Kalfadelis, C.D., Jahnig, C. E, , "Evaluation of Methods to 
Produce Aviation Turbine Fuels from Synthetic Crude Oils, Phase I." 
GRU-IPEA-75 Exxon Research 4 Engineering Co., 1979 (AFAPL-TR-75-10, 
AD-A016456) 
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C. The Exxon Donor Solvent Process 


The essential features of the Exxon Donor Solvent process (EDS) for 
coal liquefaction are shown in Figure Cl (Ref. Cl). The liquefaction reactor 
receives a feed of pulverized coal, solvent and hydrogen and operates at 800- 
SOOT and 1500-2000 psi, with residence times of 30-60 minutes. It is a 
simple plug flow reactor, containing no catalyst. Some or all of this 
distillate Is fed to the solvent hydrogenator, where it is catalytically 
hydrogenated into an active hydrogen donor form, which enables it to liquefy 
the coal in the liquefaction reactor. Note that liquid products may be 
withdrawn before or after the hydrogenator. In any event, most of the liquid 
product has been through the solvent hydrogenator several times. 


The EDS process has been studied since 1976 in several units, the 
largest of which is a one ton/ day system usually referred to as the Coal 
Liquefaction Pilot Plant (CLPP). Many studies have also been done of in- 
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and numerous optional configurations of the process units in Figure Cl have 
also been studied. 


One of these options involves variations in the disposition of the 
distillation bottoms slurry, containing undissolved coal and coal ash 
(Fig. C2). Until mid-1979, the plan was to feed this stream to a Flexicoker, 
producing a coker liquids stream, coke and fuel gas. Hydrogen production 
would be from gasification of the coke or from reforming of fuel gas from the 
separations section and the Flexicoker. The coker liquids are included in the 
tables of properties of various EDS product streams and blends. However, it 
is unlikely that coker liquiou will be a component of EDS fuel oil blend 
products because an alternative to Flexi coking is being seriously considered, 
which does not produce coker liquids. This alternative to Flexicoking 
involves a Texaco gasifier (Fig. C2B) receiving the bottoms slurry as feed and 
producing hydrogen and inert slag. 


It 
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Another processing configuration option involves removal of product 
from the recycling solvent stream (1) at the inlet to the solvent hydro- 
genator or (2) at its outlet. The former case is represented by solid lines 
in Figure Cl and by the *'r w" product columns in Table Cl (from studies on 
Illinois No. 6 coal). It is also stated that "these raw products should be 
representative of those produced by the EDS commercial stu((y design process". 
This material is also referred to as "multipass spent solvent" (MPSS). 
However, the properties of product taken from the solvent hydrogenator outlet 
are also reported; see Table Cl, "P/H" or partially hydrogenated product. 
This P/H solvent contains very little nitrogen (0.03%) as compared to the 
nitrogen in the raw solvent (0.3%). (For consistency, the terms "middle 
distillate" and "heavy distillate" are used here for the respective distillate 
fractions; the EDS reports use several other synonyms which are included in 
the tables and figures for the reader's convenience in tracing the sources of 
data quoted here). 

The heavy distillate stream is very high in nitrogen (1.4%). 
Recycling of the heayy distillate stream to the solvent hydrogenator is also 
an option which Exxon has recently indicated interest in studying, but about 
which no product data are yet available. The relative yields (as percent of 
of total liquid product) of naphtha, middle distillate (solvent) and heavy 
distillate are 37%, 28% and 35%, respectively, for Illinois No. 6 bituminous 
coal; the yields for Wyodak (Wyoming) subbituminous coal are within three 
points of the foregoing numbers. Liquids from Illinois coal were re- 
blended into the 350-650®F and 650-1000“F boiling ranges to match the petro- 
leun product ranges commonly used, but the properties of these blends did not 
differ significantly from those of the original coal liquid fractions. A full 
range fuel oil was also blended (400-1000“F); as shown in Table Cl, it had 
0.7% nitrogen and a pour point of 20“F. 

The characteristics of EDS coal liquids from Wyodak coal (Wyoming 
subbituminous) are listed in Table C2. The Wyodak middle distillate has 
nearly the same nitrogen and hydrogen content as Illinois middle distillate. 
Wyodak heavy distillate has slightly less nitrogen (0.98%N) and more hydrogen 
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than Illinois heavy distillate (1.3%N). A similar comparison applies to the 
full range fuel blends from these two coals. 

For gas turbine tests of various coal liquids being conducted by 
Westinghouse and EPRI, an EDS liquid was submitted which was withdrawn from 
the solvent hydrogenator outlet in a run with Illinois coal. This material 
had an upper boiling point of yOO^F because of the cut-point chosen for the 
distillation unit upstream from the solvent hydrogenator {Table C3, Column A). 
However, it produced more smoke and NOx than was expected on the basis of its 
hydrogen content (9.95%) and nitrogen content (0.08%N). The 650-700°F 
fraction (comprising 13% of the 0.08%-N sample) was removed from that sample 
by distillation and the remaining 350-650“F sample contained 10.16% hydrogen 
and 0.04% nitrogen (Table C3, Column B); the smoke and NOx from this sample 
did fit the predicted levels. The 650-700®F component was apparently the 
cause of the excessive emissions from the original solvent hydrogenator 
product. 


The EDS process is still in a state of development. Therefore, it 
is not now certain which of the samples discussed above will become fuel oil 
products for gas turbines, nor what their cost will be, although there are 
several good candidates. This can also be said for SRC-II and H-Coal proces- 
ses. 


REFERENCES 
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SHALE OIL 


INTRODUCr.ON 

A study relating to the near term application of shale oil, coal 
liquids and petroleum liquids for fuel in Industrial gas turbines is underway. 
The time frame of this fuel usage study permits some useful simplifications. 
For example, only surface retorting and modified in situ retorting of shale 
oil are deemed of commercial importance in that time frame. Furthermore, the 
oil shale resources In the Utah, Wyoming and Colorado area are in the focus of 
those development activites which appear to have commercial potential in the 
time period of interest to the study. 

The physical and chemical properties data of shale oil are needed in 
order that one can estimate the processing steps required to convert a large 
part of the crude shale oil into a liquid fuel useable in industrial gas 
turbines. The same physical and chemical data can also be used to estimate 
the consequences (good and bad) of blending shale oil liquids with coal 
liquids and petroleum liquids in such fuels. 

Data gathered about crude shale oils do not address directly many of 
the inspections and specifications associated with an industrial fuel. In 
this respect, shale oil data are similar to coal liquids data or petroleum 
data. One can infer from data about a raw material how a portion of that raw 
material will behave in a particular application. One can also infer how the 
raw material or some portion of it will, as a result of processing, behave in 
a particular application. Typical fuel performance indices (e.g., diesel 
index, octane number, cetane number, pour point, Reid vapor processes, etc.) 
are properties measurable for a fuel. Such properties can be estimated only 
approximately from properties of the crude liquid from which the fuel was 
derived. 


An additional precautionary point about fuel properties evaluation 
would be appropriate. Some fuel specifications reflect useful emperical 
correlations between the result of a test procedure and the actual behavior of 


the fuel as a fuel. Provided a new fuel being evaluated is comparable in 
^ chemical structure and compostion with the fuel samples used to develop the 

( emperical correlation, the test results can be accepted with a great deal of 

confidence. On the other hand, if the tested fuel is dissimilar, then results 
from emperical tests may need to be viewed with much skepticism. 

The dissimilarities between the distribution of chemical structure 
in petroleum on the one hand and shale oil on the other hand are substan- 
tial. Many of the emperical correlations developed for liquid fuels derived 
from petroleum may not be applicable to liquid fuels derived from shale 
oils. We are concerned about the applicability of some fuel tests derived 
from petroleum fuels to fuels derived from shale oils. We also feel that the 
literature about properties of shale oil from modified in situ retorting is 
less satisfactory than comparable information for shale oil from surface 
retorting. 


CONCLUSIONS ABOUT SHALE OIL PROPERTY DATA 

We have examined a number of compilations of shale oil physical and 
chemical property data and related commentary. Our examination focused upon 
shale oils produced by surface retorting and by modified in situ retorting. 

The following conclusions are generally true for all shale oils 
whose data were examined: 

1. Recovery of light ends implied by available shale oil inspections is 
somewhat less than the recovery one should anticipate in commercial practice. 
This discrepancy reflects the nature of the light ends recovery system 
associated with current non -commercial or semi -commercial operations. 
Fortunately, this difference between current results and anticipated com- 
mercial scale resi its probably has negligible impact on the liquid fuels for 
gas turbine study. The components presently not well recovered in the liquid 
shale oil are sufficiently volatile that they probably would be distilled away 
while producing the liquid fuels anticipated by this study. 
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2. Metals contamination in shale oil may present a more serious problem 

than metals contamination in coal liquids. Rather than being associated with 
non-volatile compounds, shale oil metallics seem to occur In organo metallics 
which show up in the distillation fractions one might wish to use in liquid 
fuels for gas turbines. Furthermore, some of these metallic substances are 
serious poisons for many of the catalysts used in processes intended to 

improve either the yield or the quality of liquid fuels for gas turbines. 

3. Although metals contamination in shale oils is low relative to that in 
most crude petroleums, arsenic is much more prevalent in shale oil than in 
petroleuTi crudes. Arsenic is a serious catalyst poison. 

4. The distribtuion of yield with distillation temperature appears to be 

more dependent upon the retorting step than upon the grade of shale retorted. 
One might hope that retorting operating conditions (a factor now beyond the 
scope of the study) might be selected to improve yields within desirable 

distillation ranges. 

5. The types of compounds found in shale oils appear little influenced by 

retorting conditions. Shale oils, as a group, have distinctly different 

hydrocarbon type distributions than do petroluem oils or coal liquids. The 
distribution of compound types in shale oil does vary with the distillation 
temperature of a shale oil fraction. However, for a given distillation range, 
the compound types are not much influenced by the retort type. The variation 
of compound type distribution with change in distillation temperature is 
significantly greater than the variation of compound type distribution with 
shale grade or retorting conditions. This further emphasizes the similarities 
of the shale oils one to another. 

6. Beyond the time frame of tliis study, oil shale source and grade might 
become important. For the purposes of the current stuciy, we have focused upon 
shale oils from a relatively compact geographic area. Clearly, when long term 
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future circumstances call for producing from shales at distinctly different 
geographic locations, it mey be found that shale oil grade does become a 
factor not only in yield and salts content but also in organic compound types. 

7. The data about properties of shale oil produced by surface retorting 
appear adequate for the purposes of this study. Furthermore, the methods 
whereby these shale oils were retorted from their shales are reasonably 
similar to the methods anticipated for commercial shale surface retorting. 
Thus, It seems reasonable to use these present data when this study extra- 
polates to commercial scale operations of surface retorting. 

8. This data situation is less reassuring for shale oils to be produced by 
modified in situ retorting. This is critical to the study because shale oil 
produced by modified in situ retorting should be in the feed slate for this 
study. 


The various direct combustion processes for in situ oil shale 
retorting are basically similar with regard to the reactions that take place, 
although they differ in geometry and flow configuration. Each uses a batch, 
fixed-bed retort in which a reaction zone is swept through the bed by a stream 
of injected gas. This gas contains oxygen to sustain the combustion and inert 
gases, steam or recycled produced-gas to control it. In contrast to the 
in situ processes, the surface process retorts are moving-bed, continuous 
reactors. Various types involve co-current or countercurrent flows, and 
examples in which Uie gas sweep is up, down, or horizontal may be found. 

Attempts to simulate modified in situ operations by various surface 
retorting simulations have been made. However, in most instances, the 
particle size distributions used in the surface simulation significantly 
differed from that anticipated for the commercial modified in situ operation. 
To proceed with the study we must, to a large degree. Ignore the particle size 
distribution problem. 


COMMENTS ON REFERENCED DOCUMENTS 


A very comprehensive overview document^ is the "Oil Shale Data Book" 
prepared at 6R&DC in conjunction with a subcontract to TRW for a DOE funded 
study related to development of the Naval Oil Shale Reserves. Tabulations of 
selected r’.ysical properties, distillation data and elemental analyses are 
presented for several shale oils. Unfortunately, data describing distillation 
fractions and chemical type analyses were not presented. On the other hand, 
references in the data book as well as comprehensive process descriptions make 
this document a most useful source of overall information and perspective. 

Additional limited information relevant to properties of simulated 
in situ retorted shale oil appears in References 2, 3 and 6. Reference 2 
contains data showing an effect of shale particle size on shale oil compo- 
sition. Comparative data clearly suggests that in situ produced shale oil 
should be less dense, have a lower (7 vs 7.5) C to H ratio, less oxygen, but 
the same N and S contents. The reference suggests tfiese differences are 
caused by cracking of retorted oil as it flows out from within big, hot pieces 
of shale. Reference 3 has detailed tabulations and plots for two surface 
retorted shale oils and a simulated in situ retorted shale oil. The two 
surface shale oils are similar but the in situ shale oil has a lower end point 
temperatijrei higher analine numbers, lower viscosities and lower sulfur 
content. Reference 6 concentrates on heat and material balances and retorting 
rates and not upon shale oil product qualities. Nevertheless, this reference 
shows the same sort of lower density and lower C/H ratio show in Reference 2. 
What is missing in the cited references is composition by hydrocarbon type. 

The main thrust of data in References 2, 3, 4, 5 and 8 substantiate 
the conclusion that surface retorted shale oils are remarkably similar. 
Reference 1 augments the surface retorted shale oil data with some need 
composition- by- chemical type data. Reference 7 primarily discusses downstream 
processing, however, a comparison between settled and unsettled surface 
retorted shale oils clearly indicates that the metal lies in shale oil are not 
associated with a substance (such as ash) which settled out with time. 
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Reference 4 highlights some subtle differences between shale oil 
from two different retorts. The author summarizes that "Despite wide vari- 
ation in the shale grade respectively retorted and the known retort differ- 
ences, the raw shale oil products appeared to be quite similar both physically 
and chemically. Comparisons with existing data on Piceance Basin Colorado 
shale oil from these two processes are also quite similar. The one unexpected 
difference was the 30®F (-1°C) pour point for the Utah Union "B" oil. 
Potential economic advantages could exist as far as pipelineability if this 
anomaly is a naturally occurring phenomenon". 

In addition to the pour point differences, an apparently significant 
difference in arsenic and chloride exists. One might ascribe the observed 
difference to the type of retort used. However, Reference 8 shows a marked 
variability in metallic contents for shale oil produced by the same kind of 
retort. A variability associated with oil shale change could explain the 
arsenic variability disclosed in Reference 4 and in Reference 8. 
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INTRODUCTION 


SO^ EXHAUST GAS CLEANUP 


Gas turbine exhausts now generally contain less SO^^ than the maximum 
permitted by environmental standards, because the fuel oil Is desulfurized 
during manufacture to minimize turbine corrosion. The current U.S. ERA 
standard for stationary gas turbines limits the exhaust gas concentration of 
SOjj to 150 ppm when converted to 15 percent oxygen on a dry basis. ^ This 
limit corresponds to a sulfur content 1n the fuel of 0.8% by weight, while the 
current fuel oil specifications for gas turbines usually limit the sulfur 
content to less than 0.5%. 

Although desulfurization of turbine fuels as currently practiced Is 
sufficient to comply with the exhaust gas SOj^ concentration limit of 150 ppm, 
a few local regulations may require desulfurization of the exhaust gas also. 
Table I shows the degree of exhaust gas SOj^ removal required In such excep- 
tional cases. 

A search of the API, NTIS, DOE, ERA, Chemical Abstracts, Engineering 
Index and U.S. Patent Literature has indicated that with the exception of a 
patent awarded to Rolls Koyce Ltd. of England,^ there Is no reference to 
turbine exhaust gas SO^^ removal. The Rolls Royce process, and the applica- 
bility of Industrial and utility SOj^ removal processes to gas turbine 
exhausts, are reviewed in this section. 

CRITERIA FOR EXHAUST GAS $0^ REMOVAL 

The following features distinguish current gas turbine exhausts from 
Industrial and utility stack gases in terms of SOj^ removal: 

• A large proportion of excess air, containing around 15% 
oxygen 

§ A low S0j( concen'Cration, usually less than 150 ppm; and 

• Negligible concentration of particulates 
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Although the excess air and low particulate loading features may 
remain unchanged, the economics of using turbine fuels producing higher than 
150 ppm of SOj^ in the exhaust gas may have to be evaluated. The SOj^ removal 
literature survey therefore considers the effect of fuel sulfur quality, as 
well as that of variations in environmental standards on exhaust gas process- 
ing needs. As shown in Table I, for a fuel containing 0.5% sulfur, the 
maximum level of SOj^ removal required for compliance with even the most 
stringent current regulations would be less than 60%. 

SO^ REMOVAL PROCESSES 

A schematic diagram of the Rolls Royce process is shown in Figure 1. 
Sensible heat from the exhaust gas is recovered in the process by heating 
water for process or space heating. SO 2 is absorbed by recirculating water 
containing CaC 03 , CaS 04 and MnS 04 scrubbing chamber. Calciun sulfate 

is produced as a by-product or waste from this process. There has been no 
report of a demonstration of the Rolls Royce process, but since the process 
chemistry is similar to many flue gas desulfurization processes currently 
being practiced by the utility industry for stack gas cleaning, the process 
appears to have a chance of being successful in its application to gas 
turbines. 


Flue gas desulfurization processes being used by utilities and 
industries can be classified as: 

• Wet : Throwaway or Regenerable; and 

6 Dry: Throwaway or Regenerable 

Most commercial processes are of the wet-thirowaway type. The 
characteristics of the commercial processes are listed in Table II. The 
Federal Power Commission has published a comprehensive review of the status of 
flue gas desulfurization technology in the United States. ^ The report 

indicates that lime and limestone wet scrubbing processes have become the most 


35 


common commercial systems because they are comparatively more reliable and 
less costly than the other types. A major problem with lime/limestone 
scrubbing is the disposal of the large quantities of sludge produced. Other 
problems include scaling, plugging, corrosion and erosion of the internals of 
the scrubber. 

Commercial wet-regenerable processes include the following reagents: 
t NaOH or Na2S03 ->• the Double Alkali process; CaS03/CaS04 by-product 
t Dilute H2SO4 — gypsum by-product 
0 Na2S03/NaHS03 — H2SO4 or S by-product 
e MgO — H2SO4 by-product 

Although the regenerable processes do not generally have the waste 
disposal problems of the throwaway processes, they are more expensive. 
Recently, dry scrubbing ?;ystems which feature simultaneous removal of SOj^ and 
particulates in a reagent spray chamber followed by a fabric filter have 
commanded considerable interest from utilites and industries. Pilot and full 
scale tests of the dry scrubbing system featuring lime, soda ash, limestone 
and similar reactants are being conducted at various power plants.^^^ So 
far, the tests have indicated that with soda ash as the reagent, 48 to 98 % 
removal of SO2 from 800 to 2800 ppm scrubber inlet concentrations can be 
achieved. 

Advanced SO^ removal processes under development are characterized 
in Table III. The dry processes among these appear to be especially suitable 
for gas turbine exhaust gas SOj^ removal since they produce less wastes and can 
be tsiore easily adapted to the modular construction of power plants using gas 
turbines than the wet processes. 
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The time frame for commercialization of the SOj^ removal processes, 
originally estimated by the Federal Power Commission and modified in this 
study by reviewing Uie current status of utility and industrial applications, 
is shown in Tab*e IV. The commercialization period for the Rolls Royce process 
may be set at 1986-88, allowing time for engineering and demonstration. There 
are at present no published plans for demonstration of this process at any 
power plant. 

Since NO^ formed during combustion in a gas turbine usually exceeds 
the emission limits set by environmental standards, NO^ removal is more 
important than SOj^ removal from gas turbine exhausts. The U.S, Environmental 
Protection Agency has concluded from a review of the status of current 
control technology that 40 to 70% of N0,^ can be removed by exhaust gas 
treatment processes. Any SOj^ removal process that can also simultaneously 
remove NO^ may be economically suitable for gas turbines. An economic 
evaluation of the competing SOj^ and NOj^ removal processes is required to 
determine optimum combinations suitable for gas turbines. 

Several simultaneous NO^ and SOj^ removal processes have been tested 
by utilities and industries in Japan. The following are the highlights of 
the test results: 

• Shell Copper Oxide Process: About 90% of SOj^ and up to 70% of NOj^ 

were removed by this dry process. NO^ was removed by adding ammonia 
to the reactor utilizing the catalytic effect of CuO and product 
CUSO 4 . In this process, CuO is regenerated by liberating SO 2 which 
may be converted to H 2 SO 4 or sulfur. 

• Activated Carbon Process: 90% of both SO^ and NO,^ were removed by 

adsorption of SO 2 and catalytic decomposition of NO^^ in the presence 
of NH 3 . Temperatures higher than 220“C favor NO^ removal efficiency 
but decrease SOj^ removal efficiency. 
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• Electron Beam Process: About 80% of both SOj^ and NO^ were removed In 
pilot tests. In this process, flue gas at about 100“C is mixed with 
NH 3 and exposed to electron beam radiation. Fine crystals of 
arnmoniim nitrate-sulfate are formed and captured by an electrostatic 
precipitator. 

• Wet Processes: Pilot plant tests of tiie oxidation reduction process 
have so far removed up to 80-90% of NOj^ with over 95% of SO^. The 
reactions Involve oxidation of NO to N0£, absorption of NO 2 and N 2 O 3 
and conversion of the nitrite by the absorbed SO 2 in the aqueous 
CaC 03 slurry to produce (NH 4 ) 2 S 0 ^. The process is expensive to 
operate and involves v/astewater treatment problems. 

CONCLUSIONS AND RECOMMENDATIONS 

t Gas turbine gas SOj^ removal is not currently practiced because th& 
fuel oil currently used for gas turbines contains less sulfur than 
that permitted by environmental SO 2 emission regulations. 

• Although current fuel specifications limit sulfur concentrations in 
the fuel to less than 0 . 8 % sulfur permitted by SOj^ emi.^ 3 ion limits, 
future synthetic and residual fuel oils may contain higher concentra- 
tions of sulfur. The use of such fuels in gas turbines will require 
exhaust gas SOj^ removal. 

• With the exception of a patent describing simultaneous heat recovery 
and S0j( removal by absorption in a slurry containing CaC 03 and MnSO^, 
there is no reference in the published literature to gas turbine 
exhaust gas SO^ removal. 

• Flue gas desulfurization processes currently being used for treating 
industrial and utility boiler exhausts may have application for gas 
turbine exhaust gas cleanup. 
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ft Processes or combinations of processes which can remove both NO^ and 
SOy, appear to have promise of 'r':»moving up to 90J of both and 

from exhaust gases. 

ft An economic evaluation of major SOj^ removal processes and combined 
SOj^ and removal processes should be conducted to determine their 
applicability to gas turbines. The evaluation should consider a 
range of sulfur concentrations which would be expected in future 
synthetic and residual fuel oils. 
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ON-SITE FUEL ADDITIVES 


The use of additives, sometimes in conjunction with on-site fuel 
cleanup, is necessary for gas turbine liquid fuels when they contain 
significant levels of aggressive trace metal contaminants. Such contam- 
inants, if not removed or inhibited, can cause elevated temperature cor- 
rosion in the hot gas path section of the gas turbine. 

Trace metal contaminants may be a part of the fuel as produced, as 
in the case of vanadium in petroleum crude and residual oils, or may be 
introduced after the fuel leaves the producer, such as salt water contam- 
ination during barge or ship transport or contaminant pickup during tank 
storage. Prevention of the latter type of contamination is certainly a 
viable approach to corrosion control, and will be considered in another 
section of this overall study. When a fuel at the gas turbine site con- 
tains sodium and/or potassium compounds, there may be a choice of using 
either inhibition or cleanup — the latter usually being selected as will 
be discussed later. However, if there is vanadium contamination in ex- 
cess of the threshold limit, an inhibitor is the only option for protec- 
ting today's high temperature gas turbines from the fluxing action of 
molten vanadium pentoxide. No economically feasible process has yet been 
found to remove vanadium from heavy residual petroleum fuels. Advanced 
gas turbines with airfoil metal temperatures below the melting point of 
vanadium pentoxide are being studied; but, their introduction is several 
years away. 

Both corrosion inhibiting additives and on-site fuel cleanup are 
covered in the following sections of this document. 

In the past, most gas turbines located in the U.S, have not required 
additives or on-site fuel treatment. The majority of baseload turbines 
have burned natural gas, while peaking turbines have burned clean dis- 
tillate fuels. Crude oil applications have generally been limited to 
overseas operation for pipeline pumping and power generation turbines in 
the U.S. where residual fuels were selected for their lower price or 
higher availability. In addition, transportation applications, marine 
and railroad, have been reported where residual fuels were used. 

Recently, with the major changes in the world-wide fuel supply and 
pricing, there has been increased Interest in the application of lower 
grade fuels in gas turbines, especially in combined cycle operation. 

No corrosion or ash deposition control additive developments have 
been reported for shale or coal-derived liquid fuels. The types of con- 
taminating trace elements have been identified in the several direct 
liquefaction development studies, but their probable concentration ranges 
have not been established for the various grades of these future synfuels. 


The raw material source, specific processing procedures, and refining 
operations will determine the types and levels of contaminating trace 
elements. Some synfuel grades may have significant trace element con- 
taminants which could be different from those in the petroleum equiva- 
lents. If this proves to be true, the additives and on-site fuel treat- 
ment, successfully applied to petroleum fuels in the past, may not be 
applicable to synfuels. Modified or new techniques would have to be 
considered and developed. 

A corrosion control additive, in a simplified view, ties up an 
aggressive combustion product as a dry, high melting point ash. With- 
out the additive, the aggressive product could be molten on the super- 
alloy metal surface in the hot gas path and could flux away the naturally 
protective oxide film of chromium or aluminum. 

The combustion ash from the additive Itself comprises the largest 
fraction of the total ash present in the combustion gases. In applica- 
tions where the deposition rate and consequent fouling of the turbine is 
unacceptably high or where the deposited ash is difficult to remove, an 
ash deposition control additive (ash modifier) may reduce the deposition 
rate and/or make the deposit easier to remove. 


MGNESim ADDITIVES 


In current combustion gas turbines where fuels require a vanadium 
inhibitor, magnesium-based additives are generally used. If significant 
levels of other critical trace metal contaminants such as sodium are 
present along wi'*h the vanadium, the magnesium may be used in combination 
with other el-oments such as silicon or aluminum. 

The most recent and comprehensive report on field experience with 
treated residual and crude oils in gas turbines is the recent EPRI spon- 
sored review of worldwide experience on burning residual and crude oils 
(Reference 1, see References List on page 15) . 


Requirements for Inhibiting Vanadium 

The maximum vanadium concentration allowed in the fuel before in- 
hibition is required varif-s slightly among turbine manufacturers, but 
generally ranges from 0.2 to 0.5 ppm. The suggested maximum value in the 
ASTM D2880-78 Specification for Gas Turbine Liquid Fuel Oils is 0.5 ppm. 

In the early history of gas turbine operation, when operating temperatures 
were lower than today, the ASTM specification allowed 2 ppm of vanadium 
before inhibition was required. To place these fuel vanadium levels in 
perspective, vanadium occurs in worldwide crude oil in the 5-50 ppm range 
with some exceptions at very high levels (Venezuela) and a few at less 
than 0.5 ppm. Examples of the latter may be found in Indonesia and North 
Africa. Practically without exception, residual oils have vanadium levels 
above the threshold limit for inhibition. 
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The need for corrosion inhibition is apparent when it is considered 
that the inhibitor suppresses the metal corrosion rates from 0.1 to 1.0 
inches per 1000 hrs. down to rates equivalent to normal oxidation. 


Mechanism for Magnesium Inhibition of Vanadium 

A comprehensive review of the basic mechanisms of high temperature 
corrosive attack on superalloys appears in the recent book: The Super- 

alloys (Reference 2) . 

Early work in magnesium inhibition of vanadium-induced hot corrosion 
stemmed from the successful use of magnesium oxide additive in high vana- 
dium content boiler fuels used in central-station power generation. Mag- 
nesium additive development for gas turbines was based on studies of the 
Mg-O-V system. Several workers studied the effect of each of these 
elements on the melting point of the combustion ash. They showed that 
magnesium formed a series of vanadates, the highest melting point van- 
adate being the ortho vanadate. Later work (3,4) showed that sulfur also 
had to be considered as a basic element of this thermochemical system 
because sulfur is always present in residual fuel, and, sulfur competes 
for the magnesium by forming magnesium sulfate. The specific ash com- 
position was found to depend on the concentrations of magnesium and 
vanadium, the turbine gas and metal temperatures, sulfur dioxide-trloxide 
pressures. With adequate magnesium in the fuel, the resultant combustion 
ash is a high melting point dry solid. The chemical composition of the 
ash is a complex mixture of magnesium vanadates, magnesium sulfate and 
magnesium oxide. The ratio of magnesium oxide to magnesivnn sulfate will 
vary with ash deposition temperature and sulfur level in the fuel. 

Several workers (5) have concluded that the excess magnesium re- 
quired above the stoichiometric ratio to react with vanadium results in 
a dry inert ash which dilutes potentially aggressive species. 


T ypes of Magnesium Additives 

Magnesium additives used for vanadium inhibition vary in chemical 
composition and physical properties. Broadly they can be classified as 
oil-dispersable solids, oil-soluble liquids and water soluble compounds. 

Oil-dispersable magnesium solids successfully used as Inhibitors have 
been magnesium oxide suspensions or to a lesser extent, magnesium hydroxide 
suspensions. The magnesium oxide oil-dispersable suspensions were devel- 
oped from "fireside" additives used with high vanadium content residual 
fuels in boilers. The magnesium oxide additives used in gas turbines 
have had finer particle size and lower contaminant levels (sodium, potas- 
sium and calcium) than the "fireside" additives. Due to the tendency of 
the solid additive particles to settle, these additives are usually in- 
jected into the fuel on-line during turbine operation. 
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Oil-soluble magnesium additives reported include magnesium napththenate 
and overbased magnesium sulfonate. The naphthenate is truly completely 
oil soluble and was used in early turbine applications where it was felt 
desirable or necessary to pre-inhibit a large quantity of fuel and store 
it. The naphthenate has an Intrinsic low magnesium content and a high 
price based on units of magnesium. The overbased magnesium sulfonates 
have a higher magnesium content and are being fairly widely used. They 
form clear, uniform storable mixtures in the fuels, but they are not truly 
oil soluble. Part of the magnesium is present as magnesium sulfonate, an 
oil soluble metallo-organic compound, while the remainder of the magnesium 
is present as colloidal inorganic particles such as magnesium carbonate. 

This mixture has a higher magnesium content than the true metallo-organlcs . 
(Similar additives are widely used in automotive crankcase lubricating oils) . 

Water-soluble additives suggested have included magnesium sulfate, 
magnesium acetate and magnesium chloride. Only the sulfate has been applied 
as an inhibitor in gas turbines. Magnesium sulfate may be the most econom- 
ical in price per unit of magnesium. Its use has been limited to a few 
installations due to handling difficulties. It must be dissolved in pure 
water, and the water solution injected and uniformly dispersed in the fuel. 


Magnesium Additive Dosage Rates 

Theoretically and under ideal conditions, the magnesium/vanadium atom 
ratio required to form the high melting point orthovanadate should be 3/2, 
or the weight ratio should be 0.72/1. The experiences of several investi- 
gators in the field using test rigs have shown that a minimum 3/1 weight 
ratio was actually necessary to prevent hot corrosion during combustion 
of residual fuels. Practically all of the gas turbines in use today use 
this minimum 3/1 weight ratio of magnesium/vanadium. For a fuel where 
sodium is also present and the sodium/vanadium ratio is high, the magnesium/ 
vanadium weight ratio has been much higher than 3/1. This generally occurs 
in low vanadium content fuels, but where the vanadium level still exceeds 
the threshold level (for example, 0.5 ppm). 


Additive Performance 


The performance of the various types of magnesium additives has been 
compared by several investigators. (5) Some of the early tests were 
carried out in turbines with much lower firing temperatures than today's 
turbines so that the results may not be directly applicable. The general 
conclusion appears to be that the three general classes of magnesium addi- 
tives perform equally well as vanadium corrosion inhibitors when they are 
compared at the same magnesium/vanadium ratio. 

Because magnesium is used at a typical magnesium/vanadium ratio of 
3/1, magnesium compounds make up the bulk of the combustion ash, a fraction 
of which accumulates in the turbine hot gas path. Deposit buildup on 
stator and rotor airfoils can degrade turbine performance requiring clean- 
ing at intervals to restore performance. (6) 
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There are three techniques used for turbine cleaning; any or all of 
which may be employed on the same machine. The three techniques are nut- 
shell injection under load, automatic deposit shedding by shutdown, and 
shutdown plus water washing. The length of continuous operation without 
a shutdotm and/or washing/cleaning cycle, will depend on the gas turbine, 
its operating conditions, and the quality of the treated fuel.. In. addi- 
tion, as the ash deposits build up, the restriction of flow through the 
first-stage nozzle causes the compressor discharge pressure to build up 
to a point where compressor surge and possible stall will occur. Generally 
the operating period attained to date in commercial service, before a shut- 
down and/or washing/cleaning cycle has been required, has been between 150 
and 1500 hours. This covered the spectrum of fuels from the highest ash 
residual to the lower ash crudes. It is possible that more selective fuels 
or treatments would permit longer continuous operation. 

Deposit modifiers have been used to reduce the deposition rate and/or 
to make the deposits more friable. The most commonly used ash modifier 
is silicon, and its use will be discussed in the section on silicon addi- 
tives. 

The effect of the chemical and physical form of the magnesium additive 
on the nature of the deposited combustion ash is not clear although some 
early performance data on older turbines with the lower turbine inlet 
temperatures of that era indicated a measurable difference in deposition 
rates. (5) It is felt that the ash depositon is considerably influenced 
by the turbine design and the operating conditions. 


SILICON ADDITIVES 


Silicon-based additives have been used in gas turbines burning ash- 
forming fuels both for combustion ash deposition control and for high 
temperature corrosion inhibition. The high temperature corrosion inhibi- 
tion has Included both sodium sulfidation and vanadium corrosion. The 
types of silicon products used included organo-silicon compounds, silica 
(silicon dioxide) and mineral silicates. In many of the applications, 
silicon has been used in combination with magnesium, especially at the 
higher turbine firing temperatures. 


Requirements for Silicon Additive Application 

Because silicon additives have been used alone or in combination 
with magnesium and have been used for ash deposition control as well as 
high temperature corrosion control, the criteria for silicon additive 
application are more complex than those for the application of magnesium 
additives to control vanadium corrosion. Among the critical factors 
are: 
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a) Turbine inlet temperature 

b) Turbine design 

c) Sodium (alkali metal) level in fuel 

d) Vanadium level in fuel 

e) Other contaminant fources 

The selection of hot gas path materials, including corrosion resistant 
coatings, the cooling provided for the hot gas path components and the 
turbine inlet temperature, will affect the trace metal contaminant level 
the turbine can tolerate. In addition to fuel contamination, alkali 
metal (sodium and potassium) contamination can occur in the turbine inlet 
air and in any water (steam) injected into the combustor for NOx control. 

It is the sum of the alkali metal contamination from all of these sources 
which must be taken into account when considering the application of a 
silicon additive. Also, the rate of ash deposition using a silicon addi- 
tive will be Influenced by the gas temperature, metal surface temperature 
and configuration of the hot gas path section of the turbine. 

Table 1.1-1 is a matrix showing which additive or additive combina- 
tions have been used in gas turbine applications at different turbine inlet 
temperatures, sodium concentration ranges, and vanadium concentration 
ranges. 

Silicon alone has been successfully used at turbine inlet temperatures 
less than 1400®F (760“C) with quite a wide range of sodium and vanadium 
concentrations. Low ash deposition rates and low corrosion rates were 
generally reported in these applications. 

Silicon in combination with magnesium was used in the 1200-1600“F 
(650-870“C) turbine inlet temperature range over a wide range of sodium 
and vanadium concentrations. Low deposition rates and low corrosion were 
typical in this experience. 

In the turbine inlet temperature range of 1600-1950°F (870-1065®C) , 
magnesium alone has been used in the reported field applications. In 
these cases the sodium level in the fuel was reduced to 1 ppm maximum by 
fuel washing before inhibition. The magnesium/vanadium weight ratio was 
3/1 in these applications. Trial runs with silicon-magnesium combination 
additives at these high turbine inlet temperatures in one manufacturer's 
turbine showed no significant decrease in ash deposition rate while using 
silicon, but the deposited ash was more friable. 


Mechanism of Silicon Corrosion and Ash Deposition Control 

In the turbine inlet temperature regime (1200-1400“F) where silicon 
additives alone have been successfully used with sodium and sodium-vana- 
dium contaminated fuels, the mechanism of corrosion control is not clear. 
Silicon additives form a high melting point oil ash which does not deposit 
readily on metal surfaces, and the ash which does deposit does not readily 
corrode the metal surfaces. Some investigators (7,8) have attributed the 
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Table 1.1-1 
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OF POOR Q’JAUif 


Gas Turbine Operating Experience 
With Silicon and Mai,:iesium Additives 


FUEL CONTAMINATION TURBINE INLET GAS TEMPERATURE,®? 


VANADIUM, 

SODIUM, 


1200- 

1400- 

1600- 

• 

PPM 

PPM 

<1200 

1400 

1600 

1950 





corrosion control to a simple dilution of the potentially aggressive species 
by the voluminous, porous dry silica component of the oil ash. On the other 
hand, in the case of sodium, the porous ash layer may allow penetration of 
oxygen from the combustion gas into the metal oxide layer under the deposit 
and prevent the formation of the metal sulfides, thereby arresting sulfi- 
dation attack. 

The action of combined silicon-magnesium additives in the 1200-1600“F 
turbine inlet temperature range where they have been used with vanadium- 
sodium contaminated fuels is also not fully understood. Silicon does not 
form any Si-V compounds. Silicon does form some magnesium silicate at 
these temperatures although most of the silicon appears as silica (silicon 
dioxide) in the fuel ash. In the combined silicon-magnesium combinations, 
magnesium appears to retain its role in tying up the vanadium as high 
melting point vanadates while the silicon may act as a diluent to form a 
dry ash with the sodium-bearing ash components. At high sodium levels, 
the thermochemistry is further complicated by the Na-O-V system. Silicon 
used in combination with magnesixam in this temperature range does reduce the 
ash deposition rate and forms friable deposits' which are easy to remove. 

In the 1600-1950“F turbine inlet temperature range, silicon in com- 
bination with magnesium has not been reported in operational turbine use. 
Some limited experiments in this temperature regime indicated that the 
addition of silicon to magnesium did not decrease the rate of ash deposition 
although it did modify the ash deposit so that it was more friable and 
easier to remove by a nutshelling cleaning procedure. In these high temp- 
erature tests, the sodium was removed by desalting to I ppm or less by 
fuel pretreatment to prevent high temperature sulfidation attack. 


Types of Silicon Additives 

Silicon additives used in gas turbine fuels have been oil-soluble 
organo-silicon compounds such as tetraethyl silicate or oll-dispersable 
suspensions of finely-divided silica (silicon dioxide) . Silicates of alum- 
inum and magnesium have been tried, snd these are discussed in Section 
1.1.3, Other Additives. 

The organo-metallic silicon additives are probably more effective in 
forming the desired fine, soft, porous silica particles during fuel com- 
bustion. 

Oil dispersions of fine silica particles are less expensive but they 
must have fine enough particle sizes so that they do not cause abrasive 
wear in fuel system components. Ultra-fine "fume" silica dispersions are 
too expensive for gas turbine additive applications. 


Dosage Rates of Silicon Addltlvea 


Where silicon additives have been used by themselves in the lower 
turbine inlet temperature ranges for ash deposition and corrosion control, 
the dosage rate has been based on the fuel ash content. The ratio of SIO 2 / 
fuel ash has typically ranged for 0.5/1 to 2.5/1. 

The dosage rates of the combined silicon-magnesium additive have varied 
with sodium and vanadium contaminant levels and with turbine inlet tempera- 
ture. Based on one turbine manufacturer’s experience, (9) the following 
are examples of the dosage rates recommended for two different turbine 
metal temperatures. The turbine inlet temperature corresponding to these 
metal temperatures depends on turbine design, metal cooling provided and 
aerodynamics. 


Turbine Metal 

V/Na 

(Mg+Si)/V 

Temp-F(G) 

Wt. Ratio 

Wt. Ratio 

1300 (705) 

0.5 

7 


10 

4 


1000 

3 

1500 (815) 

0.5 

9 


10 

5 


1000 

3.5 


The relative amounts of magnesium and silicon in the (Mg+Si)/V ratio were 
not given although in general the Mg/V would be 3/1 or somewhat less. The 
quantity of silicon required for the desired protection action Increases 
as the level of sodium in the fuel increases. At some point, it is more 
economical to remove the salt from the fuel than to add large amounts of 
silicon additive. One turbine manufacturer (10) based on operating exper- 
ience set the maximum sodium in the fuel at 5 to 6 ppm for silicon inhibi- 
tion altme. 


Gas Turbine Operating Experience with Silicon Additives 
A. Distillate Fuels 


Corrosion and ash deposition control additives have not been widely 
used with distillate grade fuels, but one experience has been reported 
where a silicon additive reduced corrosion caused by a heavy distillate 
fuel subject to salt water and residual fuel (vanadium) contamination. 

B. Crude Oil 


Most operating experience with silicon additives has been with crude 
oil fuels used mainly in the Mid-East. (9,10,11,12) 


In one reported application at 1350“F turbine inlet temperature, use 
of an organic silicon additive permitted up to 10,000 hrs. of operation 
before turbine ash buildup reduced the turbine power output by 10%. Low 
corrosion rates were also reported. The fuel used had average contaminant 
levels of 5 ppm of sodium and 5 ppm of vanadium. 

Ac turbine inlet temperatures in the 1400-1600**F range, magnesium- 
silicon combination additives have been required. This has also been the 
case below lADO^F when the sodiim and vanadium levels were high. Exper- 
ience with combined magnesium-silicon additives has covered a turbine inlet 
temperature range of 1200 to 1470*F, a total ash range of 20 ppm to 400 ppm 
and a sulfur level range of 0,1 to 3%. Because silicon requirements in- 
crease with increasing sodium levels, fuels have been washed when the sodium 
exceeded 5-6 ppm to avoid high additive costs. In these applications of 
magnesium-silicon additives, hot corrosion rates have been low and fouling 
rates were typically reduced by a factor of 2 to 5 compared to magnesium 
alone. 

No crude oil gas turbine experience was found above 1500“F turbine 
inlet temperature where silicon additives were used. 

C . Residual Oils 


Gas turbine experience has been reported (5,9) using silicon and 
silicon-magnesium additives in residual oils at the lower turbine inlet 
temperature ranges (belcw 1400‘'F) for corrosion and deposition control. 
This experience involved a few older machines operating in Europe. At 
higher turbine inlet temperatures (1600-1950“F) no residual fuel machines 
have been reported operating with silicon additives alone. In this higher 
temperature regime fuel washing is used to remove most of the sodium, and 
magnesium alone is used as the vanadium inhibitor. 

Successful residual fuel operation with silicon additive alone has 
been reported at 1150'*F turbine inlet temperature with a fuel having 140- 
350 ppm ash, 10-60 ppm vanadium and 20-60 ppm of sodium. Turbine washing 
Intervals of 2000 hrs. were possible with the silicon additive. 

At 1300®F turbine inlet temperature, a European application required 
magnesium at a 3/1 weight ratio of Mg/V to prevent corrosion. The typical 
vanadium level in the fuel was 75 ppm, and the sodiim was reduced to less 
than 10 ppm by fuel washing. Silicon additive was used in addition to the 
magnesium for ash deposition control. The dosage of silicon was not re- 
ported, but the presence of silicon afforded a 400 hr. operating interval 
between turbine washings. Without silicon, the interval would have been 
much shorter. 

No gas turbines have been reported operating regularly with silicon- 
magnesium additives in 1600-1950“F turbine inlet temperature range. Two 
field tests of about 200 hr. duration in the 1750-1850®F temperature range 
showed little if any reduction of ash deposition rate even with large con- 
centrations of silicon. (Sl/Mg/V weight relationship of 7/3/1). The de- 
posits were more friable when silicon was used making them more amenable 
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to removal by nutshelling, but their water washability was not improved. 
Contaminant levels in the fuels used were 70-100 ppm of vanadium and^ess 
than 1 ppm of sodium, the latter controlled by on-site fuel washing. These 
tests included heat recovery steam generators (HRSG) following the gas 
turbines. The presence of silicon appeared to increase the ash deposition 
rate in the HRSG even though the ash was much softer when silicon was used. 
The addition of silicon increased the total combustion ash by a factor of 
about 1.7. 

The lack of response (reduction) of turbine ash fouling rate when 
silicon was added to magnesium in residual fuel gas turbines at these high 
firing temperatures may be tied to the sodium level. There is some evidence 
from turbine tests that silicon may reduce the fouling rate when the sodium 
level is greater than 2 ppm, but has little effect when the sodium level 
is less than 1 ppm. 


OTHER ADDITIVES 


In the extensive research and development on hot corrosion control, 
many elements have been found effective in reducing hot corrosion. The 
scope of this report has been limited to those additives which have been 
reduced to practice and have been used in commercial gas turbines. Many 
additives have not been reduced to practice for any of several reasons; 
price, availability, effect on fuel hardware, formation of toxic effluents, 
and formation of turbine deposits not readily removed from the turbine by 
practical cleaning techniques such as water washing. 


Calcium Additives 


The ability to inhibit vanadium corrosion by formation of vandates 
is a generic property of the alkaline earth family of elements, i.e., 
magnesium, calcium (19), barium (18,19) and strontium. 

Calcium was one of the earliest vanadium inhibitors tried in gas 
turbines because of its low cost and high availability. It proved very 
effective as a corrosion inhibitor, but it formed combustion ash deposits 
at a much higher rate than did magnesium additives. Because the dosage 
rate is based on the atom ratio of the inhibiting element-to-vanadium, the 
calcium weight ratio requirement was about 70% greater than with magnesium. 
This would be a 5/1 weight ratio of Ca/V compared to 3/1 for Mg/V. 

The mechanism for calcium inhibition of vanadium corrosion is analogous 
to magnesium; the Ca-O-V-S system being similar to the Mg-O-V-S system. 

Calcium is not being used in operational gas turbines today because 
of the high ash deposition rate. 
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Aluminum Additives 


Aluminum has been used in place of silicon as an ash modifier in 
combined aluminum-magnesium additives* (13) In turbine trials at 1400- 
ISOO®!? turbine inlet temperaturei aluminum reduced aah deposition rates 
with treated residual fuel (85 ppm vanadium) by a factor of about four. 
However, to attain this improvement, the aluminum/magnesium weight ratio 
had to be greater than 1/1. The high cost of oil -dispensable or oil- 
soluble aluminum additives which would not degrade fuel system components 
(pumps, flow dividers and check valves) has discouraged development of 
aluminum additives. 

A combination raagnesium-aluminum-silicon additive was developed for 
boilers and gas turbines firing tesidual fuel, but no gas turbine applica- 
tions have been reported. (14) 


Ghromium Additives 


Chromium oxide was recognised as an inhibitor for sodium sulfate cor- 
rosion as early as 1952. (15) The goal at that time was to use an inhibitor 
for raw (m\washcd) residual fuels as an alternative to washing the fuels 
at the turbine site. Although it was successful as a corrosion inhibitor, 
it was never used commercially due to the high cost, the corrosive nature 
of the by-products to exhaust ducts, and the possibility of toxic exhaust 
emissions. 

More recently, chromium additives have been used for distlllata fuels 
with low contamination levels of sodium. The emissions of chromium com- 
pounds resulting from the low dosage rates recommended should he within 
acceptable limits. 

Recently, combined chromium-magnesium additives have been offered to 
the industry for application as sodium-vanadium inhibitors at the 1600"F 
metal teanperature level. (16) They are claimed to be effective with com- 
binations of vanadium from 0,5 to 10 ppm and/or sodium plus potassium from 
0.5 to 10 ppm, A variation of this additive also contains silicon, Ho 
actual turbine experience on this class of additive has been reported. 


Nickel as an Inhibitor 


Nickel can inhibit vanadium hot corrosion because it forms a series 
of vanadates analogous to magnesium vanadates. (19) Nickel is not added 
to residual or crude oils, but the nickel which occurs in varying ratios 
with vanadium in crudes can inhibit part of the vanadium present. 


Natural Hinerals 


Certain minerals contain Si-Al-Mg in various combinations which could 
conceivably qualify them as corrosion control and ash deposition modifiers, 
(5, 17) 


Kaolin is a hydrated aluminum silicate which proved to be an effective 
corrosion inhibitor in la^ratory tests. At about 1500®F, Kaolin ties up 
sodium as sodium aluminum silicate. Kaolin was tested in a gas turbine 
(unpublished data) at 1450“F turbine inlet temperature in combination with 
magnesium oxide and with barium carbonate. The fuel used was a raw (un- 
washed) high vanadium residual oil. Both the combination with magnesium 
oxide and with barium carbonate gave high ash fouling rates, and the de- 
posits were difficult to wash from the metal surfaces. 

Talc is a natural magnesium silicate which has had some limited appli- 
cation for boiler deposit control. It is attractive as a potential inex- 
pensive substitute for oil-soluble silicon-magnesium additives. No turbine 
experience has been reported to date td.th talc although one foreign appli- 
cation is planned. 


SUMMARY ; INHIBITORS FOR CORROSION AND ASH DEPOSITION CONTROL 

Gas Turbine experience with corrosion and ash deposition control additives 
in contaminated liquid petroleum fuels can be summarized as follows; 

• For sodium contaminated fuels, fuel washing has been pre- 
ferred over inhibition wherever potable water was avail- 
able. 

• Some sodium-contaminated fuels have been successfully in- 
hibited for low turbine inlet temperatures with silicon 
additives. Silicon also greatly reduced ash deposition 
rates in these applications. Chromium compounds have 
been used to some extent at higher turbine inlet temp- 
eratures to inhibit fuels with low sodium levels but 
still above the threshold levels. 

• Residual oils, crude oils and contaminated distillate oils 
containing vanadium and sodium have been successfully 
treated with silicon additives for corrosion and ash 
deposition control at low turbine inlet temperatures. 

• The above vanadium-bearing oils used at intermediate 
turbine inlet temperatures have required magnesium addi- 
tives to prevent hot corrosion. The addition of silicon 
along with magnesium in this temperature regime also con- 
trolled sodium corrosion although desalting the fuel to 
about 5 ppm maximum sodium content was also recommended 
to avoid excessive silicon requirements. Silicon-mag- 
nesium combinations at intermediate turbine inlet temp- 
eratures also significantly reduced turbine ash deposition 
rates. 


ppm 

OF POOR QUAUtT 
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• In the high turbine inlet temperature range, sodium was 
always reduced to 1 ppm or less by fuel washing, and 
magnesium compounds were used to inhibit vanadium cor- 
rosion. In limited trials with silicon-magnesium addi- 
tives in washed fuels, the presence of silicon did not 
significantly reduce turbine ash deposition rates al- 
though it did modify the physical structure the ash. 

• The additives being currently used with vanadium-bearing 
residual fuels effectively control hot corrosion. How~ 
ever turbine operators cite turbine ash deposition rate 
and ash removal as areas where Improvement is needed. 

• Chemical compounds of elements other than magnesium, 
silicon and chromium have been demonstrated to be in- 
hibitors for hot corrosion, but they have not been 
reduced to practice as commercial additives. A common 
problem among many of these possible alternative com- 
pounds is high turbine ash deposition rates and/or 
tenacious deposits. 

The possible application of corrosion and ash deposition control additives 
to future synfuels derived directly from coal or shale is an open question. 
If such fuels are upgraded and distilled, they may be free of contaminants, 
except foreign materials picked up in transportation and handling. On the 
other hand, raw fuels from direct synfuels processes could contain ash- 
forming components, and these components could be different from those in 
petroleum fuels. Raw shale oils can contain iron and arsenic. Raw coal 
liquefaction fuels can contain silicon, iron, aluminum, titanium, potassiim 
and sodium. If such substances were present in a gas turbine fuels, new 
additives may have to be developed for corrosion and ash deposition control. 
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ON-SITE FUEL TREATMENTS 


POSSIBLE FUEL CONTAMINANTS FOR ON-SITE REMOVAL 


Petroleum distillate fuels as produced are clean and free of contam- 
inants deleterious to gas turbine operation. However, between the refinery 
and the gas turbine system there are potential sources of such contaminants. 
Salt-laden water is the contaminant of concern both on account of its pre- 
valence and its potential effect on the gas turbine. Sodium salt is the 
main component of the salt-laden water; potassium salt being present in 
far lower concentrations. Other contaminants commonly picked up in trans- 
portation, handling and transfer include soil dirt, sand, rust and scale. 
Gasoline contamination in pipeline transportation can introduce small 
concentrations of lead into distillate fuels. Any fuel additives used to 
Improve fuel storage stability, rust prevention or combustion should not 
contain ash-forming elements in concentrations which could affect the per- 
formance of the fuel in the gas turbine. 

Petroleum residual fuels by their very nature are "contaminated*' when 
they leave the refinery and frequently pick up salt-laden water during 
transportation. Refinery practices include desalting the crude feedstock 
to a few parts per million of sodium; but since all of the non-volatile 
components of the feedstock are concentrated in the residual, the sodium 
content of the residual fuel may be in the 10-25 ppm range. By the time 
the fuel reaches the turbine site this can be appreciably augmented by 
seawater (or brackish water) contamination. There will be finely dis- 
persed solids in the residual oil including corrosion products of equip- 
ment (rust, sulfide scale) and possibly clay and gypsum from the crude oil 
feedstock. Vanadium, nickel and iron which are frequently present as oil- 
soluble complex organic compounds are not amenable to on-site cleanup and 
are not considered "contaminants" in the context of this discussion of 
on-site fuel cleanup. 

Synthetic liquid fuels transported in the same manner as petroleum 
fuels would be subject to the same contamination risks. Synthetic liquid 
fuels with a residual component could also contain mineral carryover from 
the fossil fuel source; coal or shale. Possible contaminants in this 
category would include clays, iron minerals, carbonates and possibly 
alkali halides , 

ON-SITE FUEL CLEANUP - GENERAL 


On-site liquid fuel cleanup to remove potentially deleterious sub- 
stances Includes (a) standard practices to remove suspended dirt and free 
water, and (b) special techniques to further clean the fuel to specified 
maximum impurity levels. 

For certain contaminants, preventing the Introduction may be the only 
practical solution. An example of this is leaded gasoline contamination 
of petroleum fuels. Once the organic lead component is in the fuel it is 
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impossible to remove it at the site. Inhibiting the lead with additives 
has been reported to have some success, but preventing the contamination 
has been the workable approach used in the industry. Although not con- 
sidered in this program, another example of fuels requiring a dedicated 
transport and storage system are methanol, ethanol or other water-miscible 
fuels. This is because salt water cannot be removed from these fuels by 
any practical means at the turbine site. 

On-site liquid fuel cleanup in the context of this report refers to 
techniques and equipment over and above the standard on-site fuel storage, 
handling and transfer practices. As will be discussed later, these 
standard practices are important, and their conscientious use can preserve 
or restore the quality of clean distillate fuels. 

Experience to date with fuel treatment has concerned the removal of 
alkali metal (sodiiua and potassium) contaminants from petroleum-based 
liquid fuels. When alkali metals are present, they are usually dissolved 
salts in a contaminating free-water phase dispersed in the fuel. In some 
instances it is possible to remove most of the free-water phase by purely 
mechanical means; for example, purification by centrifugation. In other 
Instances it is necessary to use water extraction to pickup salt con- 
taminants followed by dehydration to desalt the fuel. This water washing 
technique is the common procedure for residual fuel desalting. 

No fuel washing experience was found for shale or coal— derived liquid 
fuels. If fuel washing is later found to be desirable to clean these 
liquid fuels, petroleum fuel washing experience may or may not be applicable. 
Coal liquids, depending on their aromaticity, may have specific gravites 
nearly ^e same or greater than that of water. Also, the demulsibility 
characteristics may not be as favorable as those of petroleum liquid fuels. 

A good reference source on gas turbine liquid fuel quality and treat- 
ment is the ASTM STP531, Manual on Requirements Handling and Quality Control 
of Gas Turbine Fuel (1973). 

STANDARD SITE PRACTICES FOR LIQUID FUEL HANDLING AND STORAGE 

For many distillate type fuels the use of standard practices for liquid 
fuel handling and storage at the turbine site can restore and/or maintain 
the clean and dry condition of the fuel as it left the refinery. Where 
ship or barge transportation has been used, small amounts of salt-laden 
water are likely to be in the fuel transferred to the site storage tanks. 

By adequate settling time in properly designed tanks with regular withdrawal 
of the accumulated layer, petroleum distillate fuels with the required low 
sodium levels can usually be assured without the addition of special fuel 
cleaning equipment. 

Standard filtration of the liquid fuel will remove suspended particulate 
matter including rust, dirt, and scale introduced after the fuel left 
the refinery. Coalescing filters have been used for removal of dispersed 
free water but usually only as ''polishing” filters once the larger fraction 
water has already been removed by other means. 
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The recommended practices for on-site fuel storage and handling are not 
available in detail from a single source, but ASTM Committee D-2 on 
Petroleum Products and Lubricants is in the process of adding this infor- 
mation in brief summary form as an appendix to D2880-78, Standard Specifi- 
cations for Gas Turbine Fuel Oils. 

MECHANICAL REMOVAL OF FUEL CONTAMINANTS 


Although quiescent tank settling of liquid fuel will remove some free 
salt water and dirt and is a procedure strongly recommended in all fuel 
systems, it has limitations when low levels of sodium are required in 
the fuel. Finely dispersed salt water settles vary slowly and, if 
emulsified by natural emixlsifylng agents or by fuel additives, it will re- 
main dispersed. Settling effectiveness depends on fuel viscosity, specific 
gravity and lack of thermal current mixing as well as constant attention 
to removal of the accumulated bottom layer. 

Centrifugal separators have been used to remo-ve free salt water to a 
lower level than is possible by tank settling alone. Such separators are 
standard in marine diesel fuel systems. The centrifugal separator may be 
in parallel as a separate tank cleanup system. The latter approach re- 
quires a smaller centrifuge when the service fuel tank is small, but it 
is probably not practical with very large fuel storage tanks. 

Centrifugal separators have been affective with distillate fuels and 
appear to be applicable to low specific gravity (high API gravity) crude 
oils. Residual fuels would not normally be desalted by simple centrifuga- 
tion but require water extraction coupled with centrifugation or electro- 
static coalescence as described in Section 1.2.5. 

In addition to reducing the free water phase to low levels, centrifugal 
separation will also remove particulate matter thereby decreasing the load 
on the fuel filters nad protecting the fuel components, such as pumps, 
check valves and flow dividers. 

CONTAMINANT REMOVAL BY FUEL WASHING 


Petroleum residual fuels and many crude oils require water washing to 
remove alkali metal contaminants. Fuel washing system experience with 
residual and crude oils has been reviewed in the recent EPRI report 
(See Reference on page 23). 

Centrifugation alone does not adequately remove free salt water from 
these heavy fuels with residtial components. The viscosities and specific 
gravities are too high, and the salt water phase may be finely dispersed; 
partly due to natural emulsifying agents in residual fuels. In addition, 
some of the sodium in residual fuels may not be in the free water phase. 
Some solid salt crystals and sodium-organic compounds may be present. The 
latter can be formed when the crude is treated with caustic soda during 
refinery processing. 
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Fuel washing consists of two steps: (1) mixing the fuel with water to 
extract the salts into the water; and (2) removal of the salt-laden wash 
water from the fuel. 

Ideally the extraction step should be carried out such that the added 
water contacts all of the dispersed salt water, even the finest droplets, 
and any solid salt which may be present. However, this has to be accom- 
plished with forming a water-in-oil emulsion which would be difficult to 
dehydrate later. This problem was solved by using low shear rate-long res- 
idence time mixing techniques along with proprietary chemical demulsifiers. 
The typical range of the ratio of wash water/ fuel is from 1/20 to 1/10. 

The subsequent dehydration step in the overall washing process is accom- 
plished by one of two commercial techniques: centrifugation or electro- 

static coalescence with gravity settling. Centrifugation involves high "g" 
forces for short times. Electrostatic desalting involves slow gravity 
settling of very large diameter water drops fomed by rapid coalescence 
in a high voltage electric field. The selection of centrifugation or 
electrostatic coalescence has been on an economic basis or personal choice. 

In large fuel flow capacity installations, electrostatic coalescence 
equipment has generally been less expensive than the multiple centrifuge 
units . 


In addition to salt reiuoval, fuel washing systems also remove some 
suspended solids. Large, heavy particles settle along with the water, and 
in addition small but water-wet table solid particles tend to migrate 
into the water phase during the extraction step and are discharged with the 
waste water. 

To increase the degree of contact of the wash water with the heavy fuel 
during extraction and to increase the rate of water phase separation during 
the dehydration step, the upper temperature limit for centrifuge systems 
is just under the boiling point of water. Because electrostatic coalescers 
are pressurized, they allow higher fuel temperatures if they are required. 

Most fuel washing systems have two stages and sometimes three. These 
multistage systems are designed for counter-current extraction by water. 

The cleanest water is added to the last stage, the effluent water from 
which is used in the preceding stage. 

Early residual fuel washing systems were all of the centrifuge type. 

An early system using a fuel with a t 3 rplcal 50 ppm sodium level was designed 
to produce 5 ppm max i mu m sodium in the washed fuel, which was the ASTM 
specification limit for gas turbine fuels at that time when turbine inlet 
temperatures were much lower than most of todays gas turbines. As tur- 
bine inlet temperatures increased and the allowable maximum sodium level 
was reduced to 1 ppm or below, more efficient fuel washing systems were 
developed which typically produced less than 1 ppm of sodium and less than 
0.5% free residual water in a two-stage system. This two-stage system 
represents the present state-of-the-art. 
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Electrostatic coalescing systems for desalting gas turbine heavy fuels 
were extensions of electrostatic coalescer technology used for many years 
in oil fields and oil refineries for desalting crude oils. The operational 
electrostatic coalescence type fuel washing systems have equivalent de- 
salting performance to the centrifuge type systems. At a typical sodium 
level of 50 ppm and a water/ fuel ratio of 1/20 or 1/10 a two-stage system 
is designed to produce a washed fuel with less than 1 ppm of sodivun 
while a three-stage system yields a 0.5 ppm maximum sodium product. 

In addition to removing soluble alkali metal salts, fuel washing will 
reduce the level of certain other elements. Calcium is found in residual 
fuels, and it is desirable to keep its concentration low (under 10 ppm) 
to increase the interval between turbine cleanings to remove ash deposit^:. 

A two-stage or three-stage fuel washing system typically reduces the 
calcium level to about one-half the level in the unwashed fuel. However, 
there may be exceptions to this depending on the exact combined chemical 
form of the calcium in a specific residual fuel. Calcium level reduction 
by water washing has been much less predictable than sodium removal. 

The specific gravity of the fuel is a critical parameter in the design 
and performance of a fuel washing system. Systems have been designed and 
operated for fuel specific gravities as high as 0.98, but a maximum of 
0.96 is preferred. Residual fuels with specific gravities over 0.98 have 
to be blended with a lighter distillate fuel (a "cutter” stock) to a 
lower blended specific gravity. 

The effluent wash water from fuel washing systems will contain more 
"sea saltf' than the wash water entering the washing system. Disposal of 
this is normally not a problem. This water will contain small concentra- 
tions of demulsifying agents extracted from the fuel. While this problem 
has not been fully resolved, it appears that the concentrations of such 
contaminants in the final effluent water would be below toxic thresholds. 
The real contaminant problem with effluent wash water is the oil contami- 
nant level which may range from a hundred ppm up to nearly a percent. 

This level depends on the physical and chemical properties of the residual 
oil being washed and on the mixing intensity experienced in the fuel 
washing equipment. A typical maximum free-oil level in the U.S. is 15 
ppm, which produces "a visible sheen." Simple oil-water separators are 
used on most fuel washing systems, and some installations have required 
additional cleanup with standard techniques and equipment developed for 
waste control. Coal-derived liquids might present additional effluent 
water problems because phenolic type conqjounds could be extracted from 
these fuels into the water phase. 

COMMERCIAL FUEL WASHING SYSTEM EXPERIENCE 

The recent EPRI report (see Reference, page 23) reviewed the commer- 
cial application of residual fuels and crude oils on a worldwide basis in- 
cluding a discussion of the general performance of fuel treatment systems. 
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Some of the installations in the EPRI report are older systems which 
are no longer in operation. At the present time, there are approximately 
ten residual fuel washing systems operating in the U.S. and twice that 
number overseas, many of which operate on crude oil. The total worldwide 
installations are about equally divided between centrifuge~based systems 
and electrostafi;f,tt coalescers. There have also been centrifuge- type 
residual fuel wishing systems on some merchant ships. 

These fuel washing systems covered a range of fuel flow rates from about 
25 gpm to several hundred gpm, the latter serving multi-turbine Installations. 

Practically all of the fuel washing installations are two-stage systems 
with a few three stage (electrostatic) systems. The multiple stage design 
not only gives greater salt removal efficiency, but it also provides further 
reliability for contingency operation. 

In the electrostatic coalescence systems, the design capacity is pro- 
vided by the size of thz coalescer tanks. With centrifuges, large fuel 
capacity systems have multiple centrifuge units in parallel in each stage. 

All fuel washing systems have some t3npe of storage tank between the 
washing system and the turbine system which acts as a buffer and allows 
the washing equipment to be shutdown for routine or emergency maintenance 
without jeopardizing the turbine fuel supply. 

The fuel treatment systems operating in conjunction with the present 
generation of gas turbines reduce the sodium (plus potassium) levels to 
beti-reen 0.3 and 1.0 ppm. The allowable limits set by turbine equipment 
manufacturers for full-load operation are usually 1.0 ppm or 0.5 ppm 
maximum . 

The conclusions of the EPRI study based on turbine user experience 

were: 

9 All owners surveyed consldetttd it a practical and realistic 
practice to bum residual fuel in their gas turbines. 

® In all cases, where hot gas path corrosion was identified, 
it was believed to be due to operation with improperly 'gashed 
or inhibited fuel or to impurities in the inlet air. 

9 There are many p-issible problems that can result from the use 
of residual fuel. However, solutions have been identified 
for all of them with one exception. 

The exception to the above is a deposit buildup in the turbine 
which results in a gradual loss in efficiency and if operation 
is continued without cleaning, to compressor stall. The 
solution is periodic water washing but the unit must be cooled 
down for this process. Abrasive •cleaning under load can be 
done and will restore a portion (approximately 1/2) of the 
lost capacity. 
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• It appears to be extremely important for an owner to con- 
duct a periodic analysis (at least daily) of the fuel going 
to his turbine to determine that it is aperly washed and 
inhibited and contains no otherwise harmful elements, 

t Operation with crude oil is similar to that with residual 
with the additional problem of volatile and flammable vapors 
that must be guarded against. 

• The decision to change to burning residual fuel or crude oil 
should be based on an economic analysis. There will be 
increased operating and maintenance costs. However, in many 
instances in the past (and it appears probable in the future), 
the savings in fuel cost when burning residual fuel far 
outweigbei the e?,'tra cost associated with its use. 

WATER WASHING SYNFUELS 


At the present time it has not been established whether any of the 
grades of coal or shale derived liquid fuels potentially available for 
future gas turbine application will contain significant levels of trace 
metal contaminants. The 350-650*F boiling range middle distillate and 
the 650-950 “F heavy distillate grades should be free of non-volatile 
contaminants. Liquid fuels containing residual components (over 1000 “I' 
boiling point) could have trace contaminants carried over from the 
original fossil fuel raw material. Published data on experimental coal 

T 4* a 4 T *f a 1 tim4 r»iim . 4 - 1^35 T MTH 

.LLiViO. UG U 1 1 C O O O.Lr |i/ W M. J w ^ 

titanium, and alkali metals in coal liquids containing residual material. 
The alkali metals may be both soluble salts and insoluble clays (especially 
potassium). Shale derived raw liquids fuel compositions which have been 
reported have shown iron as the main metallic contaminant with arsenic 
appearing frequently. 


Tlie specific gravity of coal-derived liquids may equal or exceed a 
value of 1.0 making water washing by existing techniques and hardware im- 
possible. From the consideration of specific gravity alone, coal liquids 
with specific gravities over about 1.02 might be washi ‘ in special centri- 
fuge equipment where the heavy phase is the fuel rather than water. In 
the specific gravity range of 0.98-1.02, dilution with a lower specific 
gravity compatible liquid fuel might allow washing, if required. No 
fuel demulsibility data has appeared for these 'developmental liquid syn- 
fuels. Some coal liquids may contain natural emulsifying agents which 
cotild make water washing difficult. Chemical demulsifiers developed for 
petroleum oils have very specific applicability and may not be applicable 
to coal or shale derived liquid fuels. 


REFERF.NGE DOCUMENT FOR ON-SITE FUEL CLEANUP 


"Worldwide Survey of Current Experience Burning Residual and Crude Oil in 
Gas Turbines", EPRI Report AF-1243, TPS 78-833, December, 197ff 

(Extensive Bibliography) 
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NO^ EXHAUST GAS CLEAN-UP 

A 


The sources of HOx emissions from gas turbines (1) thermal NOx 

which is formed by oxidation of nitrogen In the air during the combustion 
process and (2) organic NOx which is formed from nitrogen compounds in the 
fuel» The formation of thermal NOx depends on the maximum temperature 
achieved in the reaction zone in the combustor. Organic NOx formation 
occurs at lower temperatures and most gas turbine combustors currently in 
use convert a high percentage of fuel bofjnd nitrogen to NOx. 

NOx control methods currently being employed on gas turbines are combus- 
tion system modifications and water or steam injection. Combustion system 
modifications that have been incorporated in currently operating gas tur- 
bines have been primarily related to leaner fuel/air ratio in the reaction 
zone which reduces the maximum temperature in the combustor to reduce the 
formation of thermal NOx. Water or steam Injection are effective in re- 
ducing thermal NOx by introducing an inert material with high thermal cap- 
acity into the combustor reaction zone to reduce the maximum temperature. 

Combustion system development work is continuing with the objective of 
reducing thermal and organic NOx formation with minimum water or steam 
injection. The development work includes staged combustion* pie-vaporizing 
and pre-mixing of liquid fuels, catalytic combustion and other concepts. 

The need for exhaust gas NOx emission control in the United States Is 
expressed most generally in the 1977 amendments to the Clean Air Act^l) 
and for gas turbines specifically by the New Source Perfonaance Standards 
(NSPS) for gas turbines. (2) The 1977 amendments to the Clean Air Act 
delegated the responsibility to the states for administering the require- 
ments of the act and the states are currently completing their State 
Implementation Plans (SIP). The SIP’s will set the ambient air quality 
standards and the allowable emissions for stationary sources to meet these 
standards. The ambient air quality standards end stationary source emission 
standards adopted in the SIP' a are the US standards in 32 states (3, 4) with 
more stringent standards being adopted by £h© remaining states. California 
has an Implementation plan for each county and the NOx regulations ar.e 
usually more stringent than those in most Sip's, 

The NSPS foi gas turbines is based on water or steam injection for NOx 
emission control and it includes a heat rata correction and an allowance 
for fuel bound nitrogen to a limit of 0.25% by weight. Current production 
gas turbines buniing distillate fuel derived from petroleum can economically 
meet these regulations (75 ppmv referenced to 15% oxygen) . A requirement 
for flue gas treatment (FGT) for NOx emission control will depend upon the 
fuel bound nitrogen content, gas turbine csEhnstion development to reduce 
the production of NOx from nitrogen chemically bound in the fuel, and future 
trends toward more stringent NOx emission, limitatiotis, C^t^) 


67 


■ .--y 


The Cle<in Air Act Amendments of 1977 may have a significant impact on 
future NOx regulations, since they require each state to submit a revised 
SIP that provides for the attainment of primary NAAQS for N02 by 
December 31, 1982. The new SIP must also provide for the attainment of 
NAAQS for areas experiencing severe oxidant probJ,*^;^ by December 31, 1987. 
Since NOx is a precursor for photochemical oxidant;! his can result in 
revised NOx emission limits. The revised SIP's must also address the new 
source regulatory policies regarding offset and prevention of significant 
deterioration . 

There is no clear cut indication that FGT will be required on gas turbines 
now or in the future. The potential application of FGT processes that are 
under development are discussed and related to their potential for appli- 
cation and gas turbine exhaust gas or combined cycle stack gas if a need 
develops in the future. 

The Information presented in the literature is related primarily to NOx 
removal equipment for application cleaning the stack gas from conventional 
steam plant boilers. The significant difference between gas turbines and 
conventional steam boilers is the excess air. Gas turbines operate with 
approximately 300% excess air whereas boilers are operated as near the 
stoichiometric fuel/air ratio as possible with a maximum of 20% excess 
air. Thus, the exhaust gas flow for equal combustion heat release for 
a gas turbine is approximately three times that of a conventional boiler. 
Stack gas treatment equipment for gas turbine applications must, therefore, 
be significantly larger for gas turbines to handle the high exhaust gas 
flow. 

The output and thermal efficiency of gas turbines are adversely affected 
by increased exhaust back pressure. Therefore, FGT equipment must have 
low pressure drop to enable economical application on gas turbines. 

Thu temperature of the exhaust gas from a gas turbine is in the 800-1000“F 
range. The high temperature further increases the high volume flow and 
exceeds the allowable maximum temperature for some processes. Heat recovery 
equipment is commonly applied to recover the exhaust heat for performing 
useful work in process heating, steam generation or heating combustion air. 
The heat recovery equipment can also be employed to reduce the stack gas 
temperature ,:o the operating range for FGT eqxilpment. The primary purpose 
of this section of the literature search is to provide a general interpreta- 
tion of the applicability to gas turbines of FGT eqxilpment under development 
for conventional steam plants. 

The flue gas denitrification processes can be separated into two types, 
wet or dry, depending on whether or not the NOx is abosrbed into an aqueous 
solution. With a few exceptions the dry processes NOx-only removal 
systems while ia general the wet processes are slmuj ian.'jijrjs sulfur dioxide 


(S02) and NOx removal systems. Although there are a few examples of wet 
NOx-only technology, these processes were originally developed for treatment 
of nitric acid (HNO3) plant tail gas and may not compete economically with 
the much simpler dry NOx-only units. Therefore, most of the initial devel- 
opment work on wet NOx removal processes has been in adapting the existing 
wet flue gas desulfurization technology to simultaneously remove both S02 
and NOx. 

1.3.1 WET FGT PROCESSES 


The wet FGT processes can be subdivided into four major categories. These 
are: 


Absorption-reduction 
Oxidation-absorption-reduction 
Ab s orp t lon-oxi d at ion 
Oxidation- absorption 

A comparison of the significant characteristics of these processes is as 
follows: (7) 


Wet NOx removal process type 

Oxldation- 

Process characteristics* 


Simultaneous S02-N0x removal 
Achieves high SO2 removal 
( 95%) 

Achieves moderate NOx 
removal ( 85%) 

Operating conditions 
Requires absorption catalyst 
Requires liquid-phase 
oxidant 

Requires gas-phase oxidant 
Requires large absorber 
Requires flue gas reheat 
Forms nitrate salts in 
wastewater 

Requires specific range of 
flue gas constituents 

* An "X” Indicates the process has this characteristic. 

Developers of the wet FGT processes are: 

Absorption-reduction 
Asahl Chemical 
Chisso Engineering 
Kureha 

Mitsui Engineering and Shipbuilding 
Pittsburgh Environmental and Energy Systems 


Absorption— Oxidation— absorption— Absorption*' 
oxidation absorption reduction reduction 


X 

X 


X 

X 


X 

X 


X 


X 


X 


X 

X 

X 


X 

X 

X 

X 


X 

X 


X 

X 
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Oxi dat ion- ab sorp t ion- reduct ion 
Chiyoda Thoroughbred 102 
Ishikawaj ima-Harima Heavy Industries 
Mitsubishi Heavy Industries 
Moretana Calcium 
Moretana Sodium 
Osaka Soda 
Shirogene 

Absorption-oxidation 

Hodogaya^ 

Kobe Steel 

MON Alkali Permanganate 
Nissan Engineering 

Oxidation-absorption 
Kawasaki Heavy Industries 
Tokyo Electric-Mitsubishi HI 
Ube 

Major plants with wet NOx removal are presented on Table 1.3-1 which is 
reproduced from Reference No. 8 . The Japanese have led the world in the 
development and application of NOx removal processes on power generation 
and process plant because of their acute air pollution problem in heavily 
populated areas. 

Essentially all of the NOx in the comW- * ,‘tn gas is in the form of NO, 
which has poor reactivity and is not rei»dily absorbed by most absorbents. 

NO is oxidized to NO 2 in air, but the oxidation occurs slowly. In many 
processes, oxidizing agents are used to promote absorption of NGx. 

Oxidizing Agents 

Ozone (O 3 ) and chlorine dioxide (C102) are used mainly for the oxidation 
of NO in the gaseous phase. They oxidize NO to N02 within a second but 
barely oxidize S02 to SO 3 . 

Ozone can oxidize NO to N2O5 when added in an excessive- amount. 

NO + 03 NO 2 + 02 
2N0 + 303 -► N 2 O 5 + 302 

Ozone is fairly expensive, and costs $1.20 to 1.40 per kilogram. In 
one Japanese plant a large-scale ozone generator with a capacity of 100 
kilograms per hour of ozone is near completion. It can treat about 
230,000 Nm3/hr of flue gas (76 MW conventional steam power plant equivalent) 
containing 200 ppm NO. The cost of ozone is expected to decrease to some 


extent with the large generator. The cost of chlorine dioxide Is 30 to 
40 percent less than that of ozone, but chlorine dioxide has the disad- 
vantage of Introducing hydrochloric and nitric acids, which complicate 
the system. 


2N0 + CIO2 + 


H20 

moisture 


-»• NO2 + HNO3 + HCl 


Solutions of potassium and sodium permanganates, sodium and calcium hypo- 
chlorites, and hydrogen peroxide have been used for the oxidation in the 
liquid phase, but these chemicals are also expensive. 

0x1 da tlon-Ab sorption and Absorption-Oxidation Processes 


In oxidation-absorption processes the NO is first oxidized with a gaseous 
oxidizing agent and then absorbed. In absorption-oxidation processes the 
NO is absorbed in a solution containing an oxidizing agent. Usually NOx 
absorption occurs more slowly in the latter case because NO mast be absorbed 
in the liquor before it can be oxidized. Most plants using nitric acid 
for such processes as metal washing emit a gas fairly rich in NOx (1000 
to 10,000 ppm). However, the amount of gas is not great (500 to 5000 Nm3/hr.). 
In many of the plants, all or part of the NO is oxidized to NO2, and the 
gas is absorbed in a sodium hydroxide solution. Activated carbon is used 


in soma plants as 


catalyst for 
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plants NOx is absorbed in a solution containing an oxidizing agent such as 
NaClO or H2O2. In both cases the resulting liquor, containing nitrate and 
nitrite, is sent to a wastewater treatment system. Such processes caimot 
be applied on a large scale because the treatment does not remove the 
nitrogen compounds from the wastewater. 


Tests have been made in pilot plants to recover nitric acid for indus- 
trial use or to recover potassium or calcium nitrate for fertilizer. Those 
processes do not seem promising because of the high cost and the limited 
demand for the by-products. 


Oxidation-Reduction and Reduction Processes (Simultaneous Removal) 

Since 1973 many oxidation-reduction and reduction processes have been 
developed in which NOx and SOx are absorbed simultaneously. In the 
oxidation-reduction process NO is first oxidized and then absorbed together 
with SOx in a slurry or a solution. In the reduction process NO is ab- 
sorbed with SOx in a liquor containing ferrous ion, which can form an 
adduct xfith NO. Usually EDTA (ethylenediamine tetraacetic acid, a che- 
lating compound whose present cost in Japan is about $2700/t) is added 
to promote the reaction of ferrous ion with N0.C9) 


In both cases various reactions occur in the liquor or slurry and result 
in the reduction of NOx by SO2 (or sulfite) to NH3 through imldodlsulfonic 
acid (HN(S03H)2)j sulfaunlc acid (H2NSO3H), or a salt of either acid. CIO) 
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NOx can be reduced to N 2 . The reactions are complex but may be simply 
described: 

NH 2 SO 3 H + N02“-»- N2 + HS04-+ H 2 O 

A compound Na 2 S 03 • 2N0 is formed when NO is absorbed in an NaS 03 solution. (H) 
The compound is stable at high pH (above 8 ) but decomposes to form Na2S04 
and N 2 O at lower pH. It is likely that in addition to N 2 or NH 3 , N 2 O also 
is formed in some of the wet processes. 

Na2S03 • 2N0 Na2S04 + N 2 O 

In some of the processes a considerable portion of NOx remains in the 
resulting liquor as a nitrite and nitrate, which would cause a problem in 
wastewater treatment. 

The advantage of such wet processes over dry processes is that they can 
simultaneously remove SO 2 and NOx without problems of dust and ammonium 
bisulfate. They have not yet been commercialized on a large scale. Five 
relatively small commercial plants and seven pilot plants are in operation. 

The wet NOx removal processes have certain general advantages and dis- 
advantages as compared with the dry systems. These major advantages Include: 

1. Simultaneous SO 2 -NOX removal may be a potential economic advantage 

2. Relatively insensitive to flue gas partlcu3.ates 

3. Higher SO 2 removal (>95%) 

On the other hand the major disadvantages of these wet systems include: 

1. More expensive processes due to the insolubility of NOx in aqueous 
solutions 

2. Formation of nitrates (NO 3 ”) and other potential water pollutants 

3. More extensive equipment requirements 

4. Formation of low-demand byproducts 

5. Flue gas reheat required (however, if a wet SO 2 removal system were 
used in series with a wet removal system for NOx only, the reheat 
would have already been Incorporated into the design) 

6 . Only moderate NOx removal 

7. Application of some processes may be limited to flue gas with high 
S0x:N0x ratio 

The two primary disadvantages of the wet systems are the high capital 
and operating costs and the forma tl<»n of NO 3 ” containing wastewater. The 
generation of NO 3 salts in most of these processes results in the need 
to remova these salts from the effluent by either evaporation or biological 
treatment. 
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A detailed economic analysis has been perfoinned on the most promising 
wet processes for US application on conventional steam power plants. (11) 
The two systems studied were the Asafcl and IHI NOx/SOx removal systems. 

For a 500 MW conventional steam plant, the installed cost and revenue re- 
quirements are estimated as follows for a midwest utility generation plant. 


Asakl 

IHI 


Installed Revenue 

Cost ($/kw) Requirement (mills /kwh) 


233 12.63 

482 19.82 


The conclusion from these studies Is that the wet processes are not ex- 
pected to be economical for these plants. (12) since the gas turbine exhaust 
gas flow is approximately three times that of conventional steam plants, 
the cost would be much higher and more unattractive economically. 

DRY FGT PROCESSES 


The dry flue gas denitrification processes can be subdivided into five 
major categories. These categories are: 

Selective catalytic reduction 
Nonselective catalytic reduction 
Selective noncatalytic reduction 
Absorption 
Radiation 

A comparison of the significant characteristics of the dry FGT processes 
are presented on the following table. 

Dry NOx removal process type 

Selective Nonselective Selective 
catalytic catalytic noncatalytic 

Process characteristics* reduction reduction reduction Absorption Radiation 


Simultaneous S02~NOx removal 
Achieves moderate SO 2 
removal ( 85%) - 

Achieves high NOx removal 
( 90%) X 

Operating conditions 
Produces waste steam - 

Uses NH 3 X 

Forms NH 4 HSO 4 X 

Operates with sensitivity 
to particulates X 

Produces marketable 
byproduct 

Current development status 
Tested on coal-fired flue 
gas 

Tested on pilot plant or 
larger scale X 


X 

X 

X 


X 


X 


X 


-XX 

- - X 

-XX 
X - - 

x - - 

XX- 

- X - 


X 


X 

X X 


* An "X" indicates the process has this characteristic 


Developers of dry NOx removal process are as follows: 

Selective catalytic reduction 
Asahi Glass^ 

Eneron 

Exxon 

Hitachi* Ltd. 

Hitachi Zosen 
JGC Paranox 
Kobe Steel 
Kurabo Knorca 
Kureha 

Mitsubishi Heavy Industries 

Mitsubishi Kakokl Kalsha 

Mitsubishi Petrochemical 

Mitsui Engineering and Shipbuilding 

Mitsui Toatsu 

Nippon Kokan 

Sumitomo Chemical 

Sumitomo Heavy Industries 

Takeda 

Ube 

Unltika 

Universal Oil Froducts^Shell CuO 

Nonselective catalytic reduction 
The Ralph M. Parsons 

Selective noncatalytic reduction 
Exxon Thermal DeNOx 

Absorption 

Foster Wheeler-Bergbau Forschimg 

Radiation 

Ebara-JAERI 

The majority of the dry systems currently undergoing development are based 
on the SCR method and use NH3 as the reductant. In this method the anhydrous 
NH3 is Injected into the flue gas after the boiler economizer and the re- 
sulting mixture is passed over a proprietary base-metal catalyst. The NH3 
selectively reduces the NOx to molecular N 2 which then passes out of the 
NOx removal system with the stack gas. 
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The primary disadvantage associated with the SCR method when applied to 
coal-fired flue gas is the sensitivity of the catalyst to the higher par- 
ticulate levels in the flue gas. Although most of these processes have 
been designed to minimize the effects of dust, either through the type of 
reactor used or shape of the catalyst particles, most development work was 
done using heavy oil-fired flue gas. Additional detailed pilot-plant testing 
on coal-fired flue gas will be needed and is iinderway by some companies 
to confirm the ability of these innovations to handle the higher particulate 
loadings associated with coal combustion. 


One additional potential problem is the formation and precipitation of 
ammonium bisulfate (NH4HSO4) doxrastream from the reduction reactor, parti- 
cularly in the boiler air heater. The NH4HSO4 formation is dependent upon 
temperature and the NH3 and sulfur trioxide (SO3) concentrations . It may 
become necessary to decrease the mole ratio of NH3:N0x and thus decrease 
the denitrification efficiency below 90% to prevent the formation of NH4HSO4. 
The use of a catalyst for the decomposition of NH3 would provide an alter- 
native method of control though it would increase complexity of capital 
investment. The development of such catalysts is being conducted by soma 
companies. 

A list of major plants using SCR is presented on Table 1.3-2 which ±s 
reproduced from Reference No. 8. 

The nonselective catalytic reduction processes involve the injection of 
a fuel or reducing gas into the radiant zone of the boiler to chemically 
bind the excess oxygen (O2) • and thus minimize the formation of oxides of 
S and N. For economical operation, this use of a reducing gas will be com- 
bined with combustion modifications such as firing with a slightly sub- 
stoichiometric amount of air to decrease the consumption of reducing gas 
as much as possible. As this 02-deflcient flue gas containing some SO2 
and NOx is passed over a nonnoble metal catalyst, the S02 and NOx are re- 
duced to hydrogen sulfide (H2S) and molecular N2- The H2S is then removed 
in a conventional Stretford unit and the reiaaining flue gas is exhausted 
through the stack. This type of process, in addition to simultaneously 
removing SO2 and NOx, produces elemental S as a marketable byproduct. The 
major disadvantages Include the expense of the reducing gas and the possi- 
bility of increased corrosion in the boiler due to the high temperature 
reducing atmosphere. 

In the selective noncatalytic reduction processes the NH3 is injected 
directly into the upper portion of the boiler to selectively reduce the 
NOx to molecular N2. This procedure elim in ates the need for any supple- 
mental equipment downstream and results in a process scheme with minimum 
capital investment. Unfortunately it has the major disadvantages of re- 
quiring a higher NH3:N0x mole ratio and thereby potentially creating more 
problems with NH4HSO4 than catalytic processes, operating in a very narrow 
temperature range, and yielding only low NOx removal (40-60%). There is 
also uncertainty concerning the effects of flyash from coal-fired flue gas 
upon the NOx removal efficiency of this process. 
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The dry absorption processes are based on the use of activated carbon to 
absorb both SO 2 and NOx from the fine gas. The absorbent is regenerated 
at a high temperature to yield a concentrated off-gas stream of SO 2 and 
molecular N 2 . This S02 could be used to generate elemental sulfur or by- 
product sulfuric acid (H 2 SO 4 ), 

The disadvantages of this type process include low NOx removal efficiency 
and high carbon loss. 

The radiation process is unique in that the flue gas is bombarded with 
an electron beam. This radiation converts the particulates, S02, and NOx 
into a powdery, complex mixture which is then removed in an electrostatic 
precipitator (ESP). The major disadvantages include high initial capital 
investment, high annual revenue requirements, secondary waste disposal 
problem, and low (80%) SO 2 removal efficiency. 

Although there are many different types of dry and wet processes, in most 
cases the dry processes have the following advantages over the wet processes. 

1. Lower projected total capital investment and lower annual revenue 
requirements 

2. Simpler process with few equipment requirements 

3c Higher NOx removal efficiency ( 90%) 

4. More extensive tests in large unltb (oll-and/or gas-fired boilers) 

5. No waste stream generation. 

However these dry systems also have the following disadvantages. 

1. More sensitive to inlet particulate levels 

2. Requirement for ammonia (NH 3 ) from either an energy-sensitive source 
(natural gas) or more expensive coal gasification methods 

3. Possible emission of NH 3 and ammonium sulfates (NH4)2S04 and bisulfates 
(NH 4 HSO 4 ) ; precipitation of same may create fouling of downstream 
equipment 

4. Relatively higher reaction temperatures (350-400“ C) which must be 
located in the power generation cycle before the air preheater or 
must be attained by auxiliary heating after the preheater 

The most critical of these disadvantages is the sensitivity of these pro- 
cesses to inlet particulate levels. Major research is now underway to 
develop methods to enable dry systems to handle flue gas with high parti- 
culate loading. Evaluations are being performed on coal-fired flue gas; 
however, these tests have not been executed on a very large scale. 

Another disadvantage of the dry, selective catalytic reduction (SCR) 
processes is that the ideal catalyst location may be in the region between 
the economizer outlet and t5,,« air preheater inlet and, hence, the process 
is intimately Involved in the power generation cycle. Therefore, if problems 
of operating these processes occur, the adverse impacts on the basic utility 
operations may be greater. 
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In addition to the above-mentioned disadvantages, the long-term supply 
of NH3 for these dry NOx removal processes is a potential problem. NH3 
is the reducing agent for converting NOx to molecular nitrogen (N2) for 
the SCR processes (which comprises nearly all of the dry processes and about 
half of all the NOx removal processes — see Table S-1) and the selective 
aon-catalytic reduction process. With an NHsrNOx mole ratio of about 1:1 
a single 500 MW coal-fired power plant (600 ppm NOx in the flue gas) would 
consume about 5950 tons/yr. of liquid anhydrous NH3. In view of the con- 
tinuing increase in the world's demand of NH3 and NH3-based fertilizers, 
the availability of NH3 for larger numbers of these dry NOx removal units 
warrants concern and further investigation. (13) 


The economic analysis reported in Reference No. 11 indicates the most 
attractive FGT process from an economical standpoint is the SCR process. 
Estimated Installed cost of the dry NOx removal sy'/tem and the average 
revenue requirements for a 500MW conventional ste^m plant in a midwest 
US location based on 1980 dollars arc: 


Installed 
Cost ($/kw) 

Revenue 

Requirement (mills /kwh) 

Hitachi Zosen SCR 

48.2 

3.61 

Kurabo Knorca 

43.9 

2.77 

UOP SF GT 

38.1 

2.13 


The SCR process has the potential for application on gas turbines in 
which heat recovery equipment is installed for reducing the exhaust gas 
temperature to a level that is satisfactory for the catalyst. One manu- 
facturer, Hitachi Zosen, has conducted tests on a pilot system with simu- 
lated gas turbine exhaust gas. (12) 
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Table 1.3-1 

Major Plants for NOx Removal from Flue Gas by Wet Processes 
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jtolUr** 

Oct. 1074 

HNO, 

kavaaakl B,l, 

1 (Oxidation 
absorption) 

' EPOC 

i 

TaJ(a)tara 

1,000 

•oilar® 

Doe. 1975 

(Cypaua CalHOjIj) 

RlaaiA englnoarlnf 

(Absorption 
1 oxidation) 

tjixw Natal 

Tokyo 

1,COO 

Pickling 

July 1073 

u»m>2 

Miaito Kn 9 tnaarln 9 

(Absorption 

oxidation) 

Ntaaan Cttanlcal 

Toy ana 

1,000 

tnOy plane 

Nar. 1070 

Ma)IOj» M 

(MUaublifil Matal 
nxx, Nihon Chaa.) 

(Miaorptlon 

oxidation) 

nttaublahl Natal 

Onlya 

4,000 

■oilar* 

Da«. 1074 

»*>3 

Kobo 6t««l 

(Absorption 

oxidation) 

Coba Ctaal 

Cakorawa 

1,000 

Pumaca* 

bae. 1073 

eypaiai, Nj 

(oba fltaal 

! (Abaorption 
oxidation) 

to)>a Ctaal 

tahogmvm 

00,000 

Pamaea* 

liar. 107C 

Cppeiaa, Bj 

Bodoqaya 

(Abaorption 

oxidation 

Noda((aya 

CorlyMa 

4,000 

Punuca* 

Oct. 1070 

BlNOj, NSCI 

(fURlkCMO Komi 

^Jlkaoull 

(Oxidation 

roduotlon) 

CiitleoaB Nail’','!, 

AlUffssalcl 

42,000 

tollar* 

Dae. 1073 

(NaKO,, KaCl, MajCO^I 

(funl^uiao Natal 
rujlkaaui} 

(Oxidation 

laductionl 

ToahlN Ctaal 

run 

100,000 

Purnaoa® 

Oao. 1974 

NaCl, KajSC^) 

(■ufiltoMO Hotal 
^jikoaull 

(oxidation 

roduction) 

SuBitooo Natal 

Oaaka 

It. 000 

koitar* 

oao. 1074 

{■atlOj. MCI, M2*®4’ 

Oaaka Coda 

(Oxidation 

raductlon) 

Oat)(B Coda 

AaMgaakl 

CO, 000 

■oilar* 

Kac. 107C 

(Nano,, NaCl, ■a 2 *<> 4 > 

ShiroquM 

(Oxidation 

roduotlon) 

Nitaui Cugar 

Xavassbi 

4B,000 

•oilar* 

AU4, 1974 

Ka^SO^, NaJeOj 

Chlyoda 

(Oxidation 

raductlon) 

Chiyoda 

KauaaaJil 

1,000 

collar* 

1971 

(Cypaua, Ca(H9j)j{ 

mtaublaht Ral. 

(Oxidation 

raductlon) 

KitSUfalsIll l.Za 

Riroa)iiaa 

2«oao 

aoilar* 

Dae. 1974 

Cypaiatp Rllj 

tahikawaliaa H.I. 

(Oxidation 

rcduetion) 

Iahl)iaini)iaui M.I. 

Toltaliatu 

0,000 

•oilar* 

Capt. 1970 

dr.>aiaa, Sj 

Kur«h« ChoMicol 

PadiMtion 

loraha Cbaa. 

Kiahllii 

s.ooo 

collar* 

Apr. 1975 

Cypataif 

Chlaao Corp* 

haductioa 

Cliiaae P.C. 

Qol 

3d0 

KJllar* 

1974 

(««a)2*o« 

Hltaul C.C. 

Paduction 

Nltaut P.C. 

Cblba 

ISO 

■oiler* 

1974 

NjSOjI H, 

Aaahi Clhoaicai 

Pcduction 

Asabi Cfwnisal 

Nlauahlna 

400 

•oilar* 

1974 

Cypaua, Bj 


k 

c 

e 


on-nm kouo. 

Oaa-Mrsd bellar. 

Cotl-flr«4 boilar. 
Hatat>haatliK| (unisoa. 
Sren-era alntartni furnaoa. 
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Table 1.3-2 

Major Plant? Using Denitrification by Selective Catalytic Reduction (SCR) 





Capacity, 



Proceaa davelopar 

Plant owner 

Plant sit* 

K»3/hr 

Source of gas 

Completion 

Sualtooo Clxurtical 

Sumitomo Chemical 

Sodegaura 

30.000 

Oil-fired boiler 

July 1973 

Sualtooo Chemical 

Higashi Hihon Methanol 

So<lcqaura 

200,000* 

Heating furnace 

Hsy 1974 

Sumitomo Chemical 

Nihon Ammonia 

So<lcgaura 

250,000* 

Heating furnace 

Mar. 1975 

SumitocBO Chemical 

Sumitorao Chemical 

Anegasaki 

100,000* 

Gas- fired boiler 

Feb. 1975 

SumitocDO Chemical 

Sumitomo Chemical 

Anegasaki 

200,000* 

Gas-fired boiler 

Feb. 1975 

SuBiltoaK> Chemical 

Stsaitoao Chemical 

Niilhama 

200,000* 

Beating furnace 

Har. 1975 

Sumitomo Chemical 

Sumitomo Chemical 

So<legaura 

2'50,000 

Oil-fired boiler 

Mar. 1976 

Sumitomo Chemical 

Sumitomo Chemical 

Sodegaura 

300,000 

Oil-fired boiler 

Oct. 1976 

Hitachi Shipbuilding 

Xansai Oil 

Sakai 

5, COO 

Oil-fired boiler 

Nov. 1973 

Hitachi shipbuilding 

Idemitsu Koaan 

Chiba 

350,000 

CO" '';- *!! boiler 

MOV. 1375 

Hitachi Shipbuilding 

Shindaikyowa Pat. Chem. 

Tokkaiehl 

440,000 

Ov , * >.ed boiler 

Dee. 1975 

Tokyo Elactric-Hitaul^iahi H.I. 

Tokyo Electric 

Hinam tyofcahama 

•10,000* 

Caa-fired boiler 

Jan. 5.974 

Kurabo 

Kurabo 

Hiirakata 

5,000 

Oil-fCred boiler 

Hor». 4573 

Xurabo 

Xurabo 

Rlirakata 

30,000 

Oil-fired boiler 

Aug. 1975 

Xansai Blectrlc-Bitachl Ltd. 

Xansai Electric 

Sakaiminato 

4,000 

Oil-fired boiler 

Jan. 1975 

ZRI-Mitsui Toatau 

Chubu Electric 

Shinnagoya 

8,000 

Oil-fired boiler 

Oct. 1974 

Chubu-KKK 

Chubu Electric 

Yokkaichi 

100 

Oil-fired txiiler 

Oct. 1974 

Nitaublshi B.I. 

Mitsubishi H.I. 

Riiroshina 

4.000 

Oil-fired boiler 

Dec. 1974 

Xobe Steel 

Kobe Steel 

Rakogawa 

600 

Sintering plant 

Hay 1974 

Mitsui Toatau 

Mitsui Toatsu 

Sakai 

1,000* 

Gas-fired boiler 

Oct. 1973 

Mitsui Toatau 

Mitsui Toatsu 

Sakai 

3.000 

Oil-fired boiler 

Oct. 1974 

Mitsui Toatau 

San Polymer 

Osaka 

4,003* 

Gas-fired boiler 

Oct. 1974 

Mitsui ToatiJ 

Japan Hovopan 

Sakai 

3,000* 

Gas-fired boiler 

June 1974 

Hitachi Ltd.-Hicaubiahi ?.C. 

Hitsubishls P.C. 

Yokksichi 

150,000 

Oil-fired boiler 

Dec. 1975 

Hitachi Ltd. 

Kawasaki Steel 

Chiba 

350,000 

Coke oven 

Oct. 1976 

Ubo InduBtriea 

rblba Pet. Chem. 

Chiba 

10,000 

Oil-fired boiler 

Jan. 1975 

Mitsui S. a. -Mitsui P.C. 

Mitsui Pet. Chem. 

Chiba 

200,000 

Oil-fired boiler 

Sept. 197S 

Mitsui S. a. -Mitsui P.C. 

Uklshina Pet. Chem. 

Chiba 

240.000 

Oil-fixed boiler 

Aug. 1976 

KKX-Santetsu 

Okayama Paper 

Okayama 

1,500 

Oil-fired boiler 

Dec. 1974 

MKK-Santetau 

Kawasaki Steel 

Chiba 

1,000 

Coke oven 

Mar. 1975 

MKK-Santetsu 

‘Nippon Yakin 

Kawasaki 

15,000 

Oil-fired boiler 

Jun<; 1976 

Seitetsu Xagaku 

Seitetsu Kagaku 

Kakogawa 

15.000 

Oil-fired boiler 

June 1975 

Japan Gasoline 

Kashima Oil 

Kashima 

50.000 

Ri,ating fumece 

Nov. S97$ 

Japan Gasoline 

Fuji Oil 

Sodegaura 

70,000 

CO boiler 

Har. 1976 

Asahi Glass 

Asahi Giaso 

Kelhin 

70,000 

Class furnsce 

Apr. 1976 


* Clcsn gas I thos« without astarlska ara foi.' dirty gaa. 
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Exhibit A 


1. Hussey, C. E. and Johnson, K. VI., "Some Operating Experience with 
Gas Turbines Approaching the Maximum Limits of the Proposed ASTM No. 
3 Fuel Specification," ASME No. 68-GT-28, presented in Washington, 
D.C., March 17-21, 1968. 


Average Fuel Properties for 1966-67 
(Panama Canal Company) 

Gas Turbine Fuel 


Physical Properties 

Specific gravity, deg API 60/60 F 

27.4 

Viscosity, '^'JV at 100 F 

145 

Water and sediment percent by Vol. 

0.12 

Ash percent by weight 

0.001 

Chemical Properties 

Sodium + potassium ppm 

0.85 

Vanadium, ppm 

1.97 

Calcium, ppm 

0.38 

Lead, ppm 

0.02 

Magnesium, ppm 

0.26 

Sulfur, percent by weight 

1.2 
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Exhibit B 


2. Schlefer, R. B., “The Combustion of Heavy Distillate Fuels In Heavy Duty 
Gas Turbines," ASME No. 71-GT-56, presented In Houston, Texas, March 28 - 
April 1, 1971. 


Comparison of No. 2 Heating Oil With 
Heavy Distillate Fuel Oils 



#2 

Test 

Test 

Test 

Test 


Heatl ng 

Oil 

Oil 

Oil 

Oil 


Oil 

No. 1 

No. 2 

Wn 

No. - 

A.P.I. 


34 

32 

27 

31. 

Grav. 

.85 

— 

— 

— 

.91 

PfXsr Pt. ®F 

10 

25 

70 

100 

120 

Temp. req. to qlve 

10 centi stokes F 

15 

76 

125 

147 

190 

Resid. carbon % 

.006 

.004 

.07 

— 

.39 

Dist. 10% 

430 

510 

615 

525 


50% 

— 

585 

675 



90% 

585 


— 

740 


E.P. 

625 

720 

800 

750 

— 
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Exhibit C 


Vermes, Geza, "Heavy Oil or Residual Oil -New Opportunity for the 
Utility Gas Turbine," ASME No. 71-GT-81, presented in Houston, 
Texas, March 28 - April 1, 1971. 


Typical Properties of a No. 3-GT Test Oil 

Specific gravity: 

at 120 F 0.484 

at 170 F 0.828 

at 210 F 0.814 

Viscosity: SSU Sec. 

at 100 F 200 

at 150 F 62 

at 200 F 43 


Pour 

poi nt: 

80 F 

iti ng 

value: 

19,455 Btu/'ib 

Ash, 

ppm 

3.4 

Zn, 

ppm 

0.08 

Fe, 

ppm 

1.19 

Mn, 

ppm 

0.06 

Pb, 

ppm 

0.13 

Ni. 

ppm 

0.06 

Cu, 

ppm 

0.15 

Mg, 

ppm 

0.01 

K, 

ppm 

not detectable 

Na, 

ppm 

0.11 

V, 

ppm 

0.38 


S, as received, percent 0.39 


Exhibit D 


4. Patterson, J. R., "Operating and Maintenance Experience for Base Load 
Gas Turbines Using Heavy Fuels - A Case Study," ASME No. 75-GT-4, 
presented at Houston, Texas, March 2-6, 1975. 


Fuel Physical and Chemical Characteristics 
(Rhone Progil chlorine plant of Pont-de-Claix, France) 


Physical Chemical 


Viscosity 100 F 

40 - 60 CKS 

Vanadi urn 

<0.5 

ppm 

Viscostiy 210 F 

5 - 7 CKS 

Sodi urn 

<1.0 

ppm 

Pour point 

40 F 

Magnesium 

<0.5 

ppm 

Flash point 

430 F 

Calcium 

<1.0 

ppm 

Carbon residue 

0.14 - 0,17% 

Potassium 

<0.5 

ppm 

Ash content 

10 ppm 

Lead 

<0.5 

ppm 



Sulfur 

<1.7 

% 


Exhibit E 


Refining Capacity as of January 1, 1979 
(Barrels per calendar day) 


Crude 

Distil late 


Western Hemisphere 

27,713,915 

Western Europe 

20,328,614 

Total Non -Communist Areas 

63,541,132 

Communist Areas 

14,748,000 

Available 


Total World 

78,289,132 


Catalytic 

Cracking 

Thermal 

Cracking 

Reforming 

(gasoline 

upgrading) 

6,423,872 

1,031,930 

4,729,936 

969,485 

716,135 

2,632,833 

8,185,827 

2,105,658 

8,767,396 

Not 

Not 

Available 

Not 

Available 
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FIGURE 1 

PETROLEUM FUELS 

VISCOSITY- BOILING RANGE - GRAVITY RELATION 












ORIGINAL PAGE IS 
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Figure 2 



-Reprinted with permission from the manual Impurities in 
Petroleum copyright 1958 and publibhed by Petrol ite 
Corporation, Petreco Division, P.O. Box 2546, Houston, Texas 77001 
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TABLE 1 

ASTH D396 SPECIFICATIONS FOR FUEL OILS 





Water 

and 

Sedi- 

ment. 

volT 

Car- 
bon 
Resi- 
due 
on 
10 '» 

1 Bot- 
toms, 
% 

1 

i 


Sayboll Viscosity. 


r 

Kinematic Viscosity. cSt" 


Specific 

Gravity 

60/60*F 

(da 

API) 

Cop- 

per 

Strip 

Corro- 

sion 


Grade of Fuel Oil 

FUsh 

Point. 

•c 

l*F) 

Pour 

Point. 

•c 

CF) 

Ash. 

we^hi 

10% 

Point 

90% Point 

Univerul at 
38*C(I00"F) 

Furol at 50*C 
(I22’F) 

Ai38’C 

(lOO’F) 

At 40’C 
(I04*F) 

Al50’C 

(122*F) 

Sul- 

fur. 

% 


Min 

Max 

Max 

Max 

Max 

Max 

Min 

Max 

Min 

Max 

Min 

Max 

Min 

Max 

Min 

Max 

Min 

Max 

Max 

Max 

Max 

No. 1 

A distillate oil in- 
iinded for vaporizing 
pot-type bunien and 
other burners requir- 
ing this grade of fuel 

38 

(100) 

-I8'‘ 

(0) 

0,05 

10.13 


213 

(420) 


28H 

(550) 




1 

1 

1.4 

1 

j 

2.2 

IJ 

2.1 

j 


! 

0.8499 
(35 min) 

No. 3 

1 

0.5 

No. 2 

A distillate oil for 
general purpose beat- 
ing for use in burners 
not requiring No. 1 
fuel oil 

38 

(100) 

-6'’ 

(20) 

0.05 

0.33 



282'’ 

(340) 

.338 

(MO) 

(32.6) 

(37.9) 



lo'- 

3.6 

1.9'* 

1 

! 

3.4 



0.8762 
(30 min) 

No. 3 

0.5‘ 

No. 4 

Pieheating not usu- 
ally required for han- 
dling or burning 

55 

(130) 

-6'’ 

(20) 

0.30 

* * * 

0.10 

• ♦ • 

• • • 

* • a 

(45) 

(125) 


• * • 

5.8 

26.4* 

5.5 

24.0*’ 



* ea 

* * * 


No. 3 (Light) 
Preheating may be re- 
quired depettding on 
climate end equip- 
ment 

55 

(130) 

1 


1.00 

i 


U.IO 




(>125) 

(300) 



>26.4 

65* 

>24,0 

58* 






No. 3 (Heavy) 
Preheating may be re- 
quired for burning 
and, in cold climates, 
may be required for 
haodlina 

35 

(130) 


1.00 


O.iO 

1 

1 

1 


(>300) 

1 

(900) 

(23) 

(40) 

>65 

i 

1 

194* 

>5K 

168* 

(42) 

(81) 




No. 6 

Preheating rsquirad 
for burning and han- 
dling 

40 

(140) 

a 

2.00* 

... 


1 


... 

j(>900) 

(9000) 

(>45) 

(300) 


i 

1 



>92 

631* 

I 

* * * 



^ Ii ii the ioieni oT these dastiricationi tbet ftiluie (o meet any requirement of a given grade does not automatically place an oil in the next lower grade unless in fact it meets all 
requirements of the lower grade. 

* In countries ouuide the United States other sulfur limits may apply. 

'' Lower or higher pour points may be spedfied whenever required by conditions of storage or use. When pour point less than — IS*C (0*F) is specified, the minimum viscosity for 
grade No. 2 shall be 1,7 cSt (31.3 SUS) and the minimum 90% point shall be waived. 

“ Viscosity values in parentheses are for information only and not necessarily limiting. 

* The amount of water by distillation plus the sediment by extraction shall not exc^ 2.00 %. The amount of sediment by extraction shall not exceed 0.30 %. A deduction in 
quantity shall b« made for aU water and i^iment in exceu of 1.0 %. 

'’Where tow sulfur fuel oil is required, fuel oil falling in the viscosity range of a lower numbered grade down to and including No. 4 ruy be supplied by agreement between 
purchaser aisd supplier. The viscosity range of the initial shipment shall be identified and advance notice shall be required when changing from one viioosity range to another. This 
notice shall be in sufficient lime to permit the user to make the necessary adjustments. 

° Where low sulfur fuel oil is required. Grade 6 fuel oil will be classified as low pour + I5*C (60*F) max or high pour (no max). Low pour fuel oil should be used unless all unkt 
and lines arc healed, 
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TABLE 2 

ASTH D975 SPECIFICATIONS FOR DIESEL FUEL OILS 


Grade of Diesel Fuel Oil 


Hash 
^oim, *C 


r 


No. I-D A volatile distillate fuel oili 
for engines in service requir 
ing frequent speed and load] 
changes 

No. 2-D A distillate fuel oil of lower! 
volatility for engines in indus- 
trial and heavy mobile ser- 
vice. 

No. *-D A fuel oil for low and me-l 
dium speed engines. 


Min 


Cloud 
Point *C 
("F) 


38 

( 100 ) 

52 

(125) 


55 

(130) 


Max 


Water 
and Sed- 
iment, 
vol % 


Carbon 
Residue 
|on. 10 %\ 
Resid- 
uum. % 


Mas 


0.05 


0.05 


0.50 


Max 


0.15 


Ash, 

weight 

% 


Max 


0.35 


0.01 


0.01 


0.10 


Distillation 
Temperatures, 
•C CF) 


90 % 
Point 


Min 


282'' 

(-540) 


Mjix 


288 

(550) 


338 

(640) 


Viscosity 


Kinematic, cSt*’ at 
40*C 


Min 


1.3 


1.9 


5.5 


Max 


Saybolt. SUS at 
100*F 


Min 


2.4 


4.1 


24.0 


32.6 


45.0 


Max 


34.4 


40.1 


125.& 


SuWur.® 

"<eighl 

% 


Max 


0.50 


0.50 


2.0 


Copper 

Strip 

Corro- 

sion 


Max 


Cetane 

Num- 

ber* 


No. 3 40* 


No. 3 


Min 


40* 


30* 


; ^ J ' 1 ■ I ■ ! 1 I I I 

» °**"!L"* ntodifications of individual limiting requirements may be agreed upon between purchaser, seller, and manufacturer, 

do--- rn^ 11 low-temperature properties that will ensure satisfactory operation on a broad basis. Satisfactorv operation should be achieved in most eases if the 

oomt (or wax appearance point) is specified at 6’C above the tenth percentile minimum ambient lemperature for the area in which the fuel will be used The tenth oercentile 
irr^sTud/m '“.l"'' I' k ‘1 ■“ » S*neraTnature;some eqm^mem d«ign^^ 

sV^ier a^d purThaTr ~nLtd\«*«d «>" f-' 

» o^tlwiThl u"s:a.'. otL"lulfm ‘ 

e i^st'lT’rJlmvi'' ope^lion at high altitudes may require use of fuels wi»:» higher cetane ratings. 

" The values stated in SI units are to be regarded as the standard. The values in U.S. customary units ate for information only. 
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TABLE 3 

ASTM D1655 SPECIFICATION FOR AVIATION TURBINE FUELS 


Property 

Jet A or Jet A-l 

JetB 

ASTM Test Method* 

Acidity, tolal maa, mg KOH/| 

0.1 

a a a 

0 974 or D 3242 

Aromatics, vol, mas, % 

20' 

20* 

DI3I9 

Sulfur, mercaptan,* wt, max, % 

0.003 

0.003 

DI323 

Sulfur, total wt, mas, % 

0.3 

0.3 

DI266 or D1552 i 

Diitillalion temperature, *F (*C); 
10% recovered, mas, temp 

400(204.4) 


D2622 

D86 

20% recovered, mas, temp 

. a * 

2M (143.3) 


50% recovered, mas, temp 

report 

370(187.8) 


90% reeovered, mas, temp 

rejxirt 

470 (243.3) 


Final bailing point, mas, *F (*C) 

572(300) 


Distillation residue, mas, % 

I.S 

1.5 


Distillation loss, mas, % 

1.5 

1.5 


Flash point, min. *F (*C) 

100(37.8) 


D 56 or D 3243* 

Gravity, mas, “API (min, ip gr) at 60'F 

5t (0.7753) 

57(0.7507) 

DI298 

Gravity, min, ’API (mas, sp gr) at 60*F 

37 (0.8398) 

45(0.8017) 

DI298 

Vapor pressure, mas, lb 

. r • 

3 

D323 

Freezing point, mas, *C i 

-40" Jet A 

-50" 

D2386 

Viscosity -4*F (-20*C) max, cSt 

-50* Jet A-l 
8 


D445 

Net heal of combustion, min, Btu/lb 

18.400'’ 

18.400' 

D 1405 or D 2382 

Combustion properties: one of the fpljowinj 
requirements shall be mei; 

(/) Luminomeler number, min or 

45 

45 

DI740 

(2) Smoke point, min or 

25 

25 

DI322 

(i) Smoke point, min and 

20" 

20" 

DI322 

Naphthalenes, vol, mas, % 

3 

3 

01840 

Corrosion, copper strip 2 h at 2 12*F ( IOO‘C) 

No. 1 

No.l 

0130 

mas 

Thermal stability: one uf (he following require- 
ments shall be met; 

(7) Filter pressure drop, mas, in. Hg 

3 

3 

01660" 

Preheater deposit less than 

Code 3 

Code 3 


(2) Filter pressure drop, mas, mm Hg 

25 

25 

D324I' 

Tube deposit less than 

Code 3 

Code 3 


Existent gum, mg/100 ml. mas 

7 

7 

0381 

Water reaction; 

Separation rating, mas 

2 

2 

01094 

Interface rating, mas 

lb 

lb 

D 1094 

Additives 

Electrical conductivity, p5/m 

See 4.2 


D 2624 or D 3 1 14 


■* The reijuiremenls herein »re absolute and are not subject to correction for tolercnce of the test methods. If multiple 
determination's are made, average results shall be used. 

" The test methods indicated tn this table are referred to in Section V. 


' Jet A with an aromatics content over 20 volume but not exceeding 2S volume and Jet A*l or Jet B utih an aromatics 
content over 20 volume '* but not eaceeding 22 volume “i it permitted provided the supplier (seller) notifies the purchaser of 
the volume, distribution and aromatic content within W days of date shipment unless oihe' reporting conditions as agreed to 
by both parlies This footnote is subject to reapproval in lOKI. 

"The mercaptan sulfur determination may be waived if the fuel is considered sweet by the doctor lest described in 4.2 of 
Specification D 4M. for Hydrocarbon Drycleaning Solvents ' 

' Other freezing points may be agreed upon between supplier and purchaser. 

' Use for Jets A and A-l the value calculated from Table X or Eqs .S, and 4 in MeihivJ D I40.S Use lor Jet B the value 
calculated from Table 6 or Eqs 5, and 7 in Method D 1403. Method D 2382 may be used as an alternative. In case of dispute. 
Method O 2382 must be used. 

'' Jet A having a smoke point less than 20 but not less than 18 and a masimum of 3 volume 'i of naphthalenes and Jet A- 
I or Jet B having a smoke point less than 20 but not less than 14 and a masimum of 3 volume of naphthalenes is permitted 
provided the supplier (seller) notifies the pumhaser of the volume, distribution, smoke point and naphthalene content within 
VO days of dale shipment unless other reporting conditions as agresd to by both parties. This fsHvtnoie is subject to reapproval 
in IV8I. 

"Thermal stability test shall be conducted for 5 h at 30U°F (I48V°('| preheater temperature 4(KI°F (2t)4.4''(') filter 
temperature, and at a flow rale of 6 Ib/h. 

' Thermal stability lest (JFTOT) shall be conducted for 2.5 h at a control temperature of 260°(' but if the requirements of 
Table I are rtol met, (he lest may be conducted for 2.5 h at a control temperature of 245°C. Results at both ie.st temperatures 
shall be reported in this case. Tube deposits shall always be reported by the Vrsual Method, a rating by the Tube Deposit 
Ralt.tg ITDR) optical density method is desirable hut not mandatory. 

'' A limit of 50 to 300 conductivity units (pS/m) applies only when an electrical conductivity additive is used and under the 
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table 4 ^ 

ASTM D2880 SPECIFICATION FOR SAS TURBINE FUEL OILS 


Carbon 
Wa»er Residue 
and Sed- on 10 % Ashi wt 


*^b1u« "90 % Kinematic Viscosity , cSt^ 
Point* 1 — T 


. n • »no oeo* ““ *V 

Derien*- Gmfe of G« Turbine Fuel 
tiotr' Oil % 


•ccF) "cr n 


tic Viscosity, cSt«^ Saybottyiscosi^.s* 

■ f — — r- Grtvity 

• Fwrol It 60/60*F 

Mfum «5(rc unH^tisrc 5Q.C CAPiy 

(104^) ^i2rF) (IOO*F) (l2rF) 


f« »"« g!! 

No. O-OT A naphtha or other low- * 
flash hydrocarbon liquid. 

, SR -18* 0 05 0.15 0.01 ... 288 1.3 2.4 

No.l-GT A distillate for gas torbiiies 38 u uj «•* ^5j;0j 

requiring a fuel that burrss (100) (O) 

4«^aner than No. 2-GT. 

. «D el n 05 C 35 0.0! 282 338 1.9 4.1 

No. 2-GT A distillate fuel of low ash 38 0. 

suitable for ges turbines (100) (20) 

not requiring No. 1-GT . 

cc 1 n 0.03 ... ... 5.5 . • 

N0.3-GT A low-ash fuel that may 55 ... 

contain residual eompo- (130) 
nents. 

. 3.5 

N0.4-GT A fuel containing residual 66 I.” 

components and having (150) 

I higher vanadium content I 

1 thanNo. 3-GT. L— — ■ — * — ~ 


min ma* ma» min max ^ ^ 


... (34.4) . . 


0.850 
(35 min) 


(32.6) (40.2) ... 

(30 mm) 


638 (45) . . - (300) 


diesel foel in physical properties. No. 3-GT and No. 4-u 1 viscosny range 

D 975 Grade No. 4-D dieset fuel in phyrical properties. „ 

^ a Values in oaieniheses are for information only and may be approximate. 

'* wtn"fll.h S int H below 38^. or when kinematic viscosity b below 7.3 cSt a. 40^. or when Imth condition, exist, the turbine mamifarturcr shoo com 

rospect .0 safe handling and fuel g-c befo* the ambient temperature at v^^h the IS'KmThiSfbe «N*ed. 
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TABLE 5 

BERC-API SURVEY OF GRADE 1 FUELS 


o 

cn 


oil 



Craflty, 

ri«ih point, P 

Tiocoalty «t ICv P, 

Cloud point, *P. 

Poor point. *r 
Sulfvr content, wtX 
Anlllo* point, *P 
Carbon rooldn* o® I®** ** 
Vator and aadlnont, oolX 
Groan Haat of Co«boatloo 
Diitlllatien to«p, *P 
TOlim racoTordi 
ItP 
lOX 
MX 

tot 

dad paiitt 


DZB7 

DS6 

MiS 

D2S00 

D»7 

0129 

D6I1 

0)2* 

01796 


086 


39.3 

*3.1 

120 

- 

1.* 

1.6* 

—68 

- 

-70 

— 

0.00* 

0.06* 

1*0.0 

1*6.) 

0.00 

0.0)6 

0.00 

0.000* 

31,189 

133,881 

323 

3M 

3)6 

38* 

39* 

*23 

*** 

*78 

*36 

519 


Central railon 
E.P.C 

A, 0 ,C, 0 ,H,I.J 

33 


iHlnlBUi AoeraG* Haalaw 


*2.4 

1.70 


0.087 

1 *).) 

0.0)2 

0.0002 


* 5.2 

160 

2 . 0 | 

0 

-10 

0.301 

1 ))! 

0.1)7 

0 . 00 ) 


Rocky Hountaln ration 

H.I.J.* 

O.E.P.C.WH.N.O.P 

13 


NlnlBia Aaarata Haalata 


Hlabaa A»ara,a Maalawi 


132,6)* 13*, 23* 136,063! 


3*9 

38* 

*28 

*83 

326 


378! 

*12 

*)2 

M3 

5M 


* 0.0 

122 

1 .* 

- 5 * 

-80 

0 . 00 * 

136.0 

0.00 

0.000 


*2.3 

1.69 


0.1C6 

1*7.0 

0.0)3 

O.UOOl 


**.7 

1)2 

2.0 

-26 

-30 

0.301 

IS) 

0.1)7 

H.OOl 


132.939 13*. 296 I3).*19 


323 

363 

*10 

*)6 

)0B 


3*2 

382 

*26 

*86 

SM 


373 

*12 

**9 

)21 

366 


Haatara rasia* 

L.«,».0.P 

A.toD.t.i.E 

16 


38.8 

110 

1 .* 

-66 

-80 

0.001 

132.1 

0.00 

0.00 


*2.7 

1.36 


0.06* 

t**J 

0.068 

0.001 


*6.9 

161 

1.82 

-26 

-30 

O.U 

160 

0.13 

0.01 


131,693 13*,oe* 136,337 


299 

3*2 

382 

*36 

*87 


332 

372 

*18 

*72 

S16 


382 

*00 

*9* 

Sit 

330 


r.™ sHcuon. i. H.. 

n^togrCertrrBETCrBrrtUsvilfe. Oklabona. and the haerlean Petroled Inat.tute (API) 
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TABLE 6 

BERC-API SURVEY OF GRADE 2 FUELS 


oil »ur»«T. 1W8 


CTt 


Caotiaphlc dlitributloo rl h« ltli« oU» r«slon 


Diatrlcti within cqv 
Addition*! dlntclctn 
>>»b*r of fuoln 


Tont 


Crnwltp, **PI 
Flash paint, *F 
VlaeosltF at 100* F, ca 
Cloud point, *'/ 

Four point, *F 
Sulfur contant, vtX 
Anlllna point, *F 
Carbon raalduc on iOZ, wtl 
Watnr and aadlncnt, rolX 
Croaa Haat of Conbuatloo, wm Rsj 
Dlatillatlon taap, *F 
wolia* raeovard: 

tw 

lOZ 

sox 
«oz 

Bad point 


From Shelton, E. M. 


asm 


0287 

056 

DUS 

D2S00 

097 

0129 

0611 

0526 

01796 


086 


A.B.C 

D.E,F.C 

55 


Hlniata AT*ra(* Maxlaual 


22.9 35.0 65.7 

130 - 200 

2.01 2.66 3.15 

<-26 - 16 

-60 - S 

0.01 0.215 0.68 

68 161.8 180 

0.01 0.106 0.36 

0.00 0.0001 0.002 

132,371 138,615 166,089 


Southam raglon 
0 

A,B,C,E,F ,G,l.J 

26 


Central region 
E.F.C 

A,8,C,D,M,1,J 

61 


Klnlnun Aaarage lUxl. J Mlntaun Areraga ManlnuJ mnl-«* Ararage HaxlniJ 


Bocky Hauncaln tagion 
H.l.J.E 

D,E,r,C,l,,M,ll,0,P 

19 


29.8 

166 

2.0 

-6 

-30 

0.08 

131.0 

0.015 

r, 

h32i371 


35.2 


2.69 


0.203 

163.2 

0.112 

0.0002 


65.7 

196 

3.60 

16 

0 

0.66 

169 

0.36 

0.002 


138,526 161,778 


315 

386 

662 

530 

572 


372 

626 

698 

589 

661 


637 

329 380 666 

322 

668 

392 633 676 

378 

563 

656 502 563 

662 

639 

566 591 639 

530 

702 

600 662 702 

572 

Oils 

, 1979, " Report No. 


22.9 36.7 60.6 

130 “ 210 

2.0 2.59 3.36 

<-26 - 16 

-60 - 5 

0.03 0.235 0.66 

6C 139.1 180 

0.^16 0.111 0.28 

J.OO 0.0 0.0 

|l3'i,302 1:38,805 166,089 


376 

627 

698 

586 

637 


tM 

676 

563 

620 

680 


32,6 35.1 60.6 

130 - 206 

2.0 2.69 3.7 

-12 - 10 

-60 - 0 

0.03 0.266 0.65 

122 161.3 152 

0.056 0.131 0.26 

O.OOU O.UOl O.OUS 

|l35,30Z 138,513 160.187 


328 376 632 
378 631 678 
656 501 535 
566 585 616 
600 632 667 


Uaatarn region 
L,M,K,0,F 
H,l,E 

16 


Hlninun Awerage HazUia 


32.6 35.0 39.3 

138 - 206 

2.2 2.86 3.57 

-6-36 
-*0 - 10 

0.08 0.26 0.62 

122 166.1 153.0 

0.02 0.096 0.15 

U.UO 0.006 0.05 

]l36.063 138,651 160,187 


328 382 628 

387 639 679 

679 511 558 

560 5M 635 

606 662 690 


Technology 
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TABLE 7 

BERC-API SURVEY OF GRADE 4 FUELS 


Heet^ng oil ■urrey, 1979 


1 

CeograpHic dlatrlbucion of heating olla Eaatern region 
Districts within region A,B,C 

Addltxt»iel districts E,F,G 

Hi»ber of fuels * 


Southern region 
D 


Ceutrsl region 
E.F.G 
C.I.J 
3 


Rock; Mountain region 
H.l.J.R 
C 

5 


Westeta region 
L,H.H,0,P 


Test 


Grerlty, ’API D287 
Flash point, *F D93 
Viscosity St 100* ?, cs D**5 
Pour point, *F D97 
Sulfur content, wtZ D1Z9 
Carbon residue on lOOZ, wtX DS24 
Ash, WtZ (M8Z 
Uatsr and sedlacnt, veil D1796 
Cross Heat of Coebustlon Bto/gal 

1 


Asm 


HlnlaiB Average Kazleua 


18,9 

150 

8.26 

-10 

0.*7 


22.3 
» _ 

17.26 


0.70 


29.4 

236 

34.1 

80 

o.eo 


0.0 0.012 0.02 

O.OS 0.07 0.1 

142,025 146,474 148,640 


No Analyses 


Mlnlsna Average Itexlaia 


Hlnlata Average Hazlaia 


18.9 
■ 150 

1, .7 

0.76 

0.015 

0.05 


20.0 


14.0 

0.B4 

0.018 

0.08 


21.2 

240 

15.3 

65 

0.97 

0.02 

0.1 


15.5 

158 

14.4 

-15 

0.59 

0.6 

0.016 

0.05 


19.7 

18.2 

1.11 

4.4 

0.019 

0.09 


29.5 

276 

23.4 

65 

1.50 

8.8 

0.02 

0.11 


147,169 147,915 148.640 141.963 148,156 150,834 

J- 


Ho Analyses 


Fran Shelton, E. M., "Heating Oils, 1979," Report No. BETC/PPS-79/4, produced under a 
cooperative agreement between the Department of Energy (DOE), Bartlesville Energy 
Technology Center (BETC) , Bartlesville, Oklahoma, and the American Petroleum Institute (API). 
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TABLE 8 

BERC-API SURVEY OF GRADE 5 (LIIGHT) FUELS 


He«tlp« oil «urrey. IS^79 


1 

Ceographic diacributloa of heating oil 
Diatrleta vlthln region 
Additional diatrleta 
Nuaber of fuela 

[ 

a Eaatem region 

A,B,C 
E.F,C 
2 

Southern region 
D 

Central region 
E.F,C 
C 
6 

, ! 
Rocky HouDCAln region 

3 

Heat;^ regloc 
1,,M.SI,0,P 

Teat 

ASTM 

Hlnlata 

Average Kaxiaua 

Ko Aoslyaea 

Mlniaua 

Average Haxiaua 

Hiniwai Average Hexlauai 

No Analyaea 

Gravity, *All 

D287 

16.8' 


18.0 


12.5 

16.1 

18.0 

3.8 

13.3 

25.0 

a» 

Flaah point, *F 
Viacoalty 

D93 

170 


182 

•• 

166 

• 

200 

150 


200 


at 100* F, ca 


39 


51.1 

— 

29.6 

*0.6 

51.1 

21.0 

*8.5 

76.0 

— 

at 122* F, Furol aec 

D88 

- 


- 

- 

- 

- 

— 

- 

- 

• 

- 

Pour point, *F 

D97 

-10 


50 

- 

-15 

- 

65 

30 

- 

70 

— 

Sulfur content, vtZ 

D129 

0,83 


1.01 { 


0.83 

1.2* 

1.9 

0.56 

1.29 

1.9 

- 

Carbon reaidue on lOOZ, vtt I 

DS24 

— 


- 


3.89 

6.55 

9.2 

- 

- 

- 

- 

Aah, wtZ ‘ 

D482 

0.01 


0.011 


0.0 

0.01 

0.02 

- 

- 

- 

- 

Water sod aadlacnt, voU 

D1796 

o.os 


0.20 

- 

0.0 

0.08 

0.20 

- 

— 

-* 

1 

Croaa Beat of Caabuation, Bto/gal 

J 

U9,219 


1*9,993 


1*9,219 

150,*8l 

152,785 1**,76* 

J 

152.296 

158,*90 



From Shelton, E. M., "Heating Oils, 1979," Report No. BETC/PPS-79/**, produced under a 
cooperative agreement between the Department of Energy (DOE), Bartlesville Energy 
Technology Center (BETC) , Bartlesville, Oklahoma, and the American Petroleum Institute (API). 
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TABLE 9 

BERC-API SURVEY OF GRADE 5 (HiyWY) FUELS 


Hftlnit oil «nrrey. 1979 


P 

Ceosraphlc distribution of heating oUa 
Dlatrleta within raglon 
Additional districts 
Hi»bar of fuale _ 


Eastern region 
A.B.C 
E 

2 


Test 

ASTO 

Hlnlaus 

Gravity, 'API 

D2B7 

16.4 

Flash point, *F 

093 

it‘!5 

Viscosity 



at 100* P, cs 

D445 

91.7 

. at 122* F, Furol sec 

D88 

— 

Pour point, *F 

D97 

— 

Sulfur content, wtZ 

D1Z9 

0.90 

Carbon residue on 1002, wtX 

DS24 


Ash, WtZ 

D482 


Hater and eadlaane, volZ 

DI796 

0.05 


Cross Heat of CoBbuetion, Btn/gal 116,962 

I I 


Ksxlwa 


IS.l 

200 

113.04' 


0.95 

4.6 

0.018 

0.1 

150.251 


Southern region 
D 


(1 fuel) 


Central region 

E.r.c 

c 

2 


Mlnlauii 


Mazlsm 


Kocky Hoisitaln region 
H.l.J.K 
E.C 

3 


Hlnlsnae Average Ktzlata 


Uestem region 
t,M,H.0,P 


Hlolxts Average Kaxlatsi 


18.3 

186 

500 

-20 

i.rs 

0.0285 

0.05 

149,026 


16.4 

170 


0.7 


145,962 


91.7 

31 

0 


23.1 

176 


0.90 


17.7 

145 

133 

0 

0.7 


0.1 


21.1 


144.3 

31 

1.27 

5.51 

0.03 

0.05 


23.1 

200 

155.6 

90 

2.23 


11.1 

192 

79 

-10 

1.09 

6.41 

0.02 

0.1 


14.7 


117 

31.3 

1.47 

6.94 

0.026 

0.15 


18.4 

206 

140 

10 

1.7 

7.41 

0.04 

0.3 


150,251 145,962 147,218 149,412 148,962 151,343 153,699 


from Shelton, E. M., “Heating Oils, 1979," Report No. BETC/PPS-79/A, produced and^r a 
cooperative agreement between the Department of Energy (DOE), Bartlesville Energy 
Technology Center (BETC), Bartlesville, Oklahoma, and the American Petroleum Institute (API). 
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TABLE 10 

BERC-API SURVEY OF GRADE 6 FUELS 


Heatlnt oil «ur»cy. 1979 


, 

Caographic distrlbutloo of htatiog oils Eaacera retlcn 
Dlatrlcta wlchln ration I A,B,C 

Additional districts I D,E,F,G 

Hunbar of fuels I ?1 


Southern region 

Central region 

Rocky Mountain region 

Western region 





E,F,G 



H,I,J,R 


L,M,N,0,P 



A,B,C,G 



B,C,D,H,J 

.0 


E,F,G,0 



G,J 



23 



21 



9 



21 


Minlnisi Average Haxlaua 

Hlnlaia 

Average Maxlaia 

HlnlBiai Average Kaziaun 

Hinlan Average Haxlaua 

8.4 

13.6 

22.8 

5.T 

13.2 

19.7 

1.6 

11.3 

19.6 

-4.5 

13.3 

23.5 

176 

- 

246 

153! 

• 

250 

160 

- 

350 

168 


240 

21.3 

202.2 

488.2 

23.6 

194.6 

360 

72 

149.7 

292 

30 

152.9 

306 

10 

* 

90 

IS 

- 

65 

15 

- 

90 

15 

- 

85 

0.32 

1.65 

3.0 

0.49 

1.53 

2.9 

0.9 

1.59 

2.9 

0.19 

1.27 

3.1 

3.7 

6.68 

10.9 

0.8» 

8.48 

16 

6.19 

12.2 

17.2 

3.8 

8.07 

11 

0.002 

0.024 

0.07 

0.00 

0.029 

0.077 

0.0 

0.031 

0.06 

0.001 

0.034 

0.09 

0.0 

0.08 

0.4 

0.00 

0.08 

0.2 

0.00 

0.05 

0.1 

0.0 

0.0« 

0.1 

0.0 

0.04 

0.1 

0.01. 

0.08 

0.3 

0.01 

o.oz 

0.07 

0.01 

0.05 

0.18 


Test 


ASTM 


Hlalata Aversfe Kazlata 


Gravity, *API 

Flash point, *F 

Viscosity at 122* F, Furol sac 

Four point, *F 

Sulfur content, «tZ 

Carbon residua on lOOX, vtZ 

Ash, «tZ 

Water by distillation, volZ 
Scdlaent by astract'loa, wtZ 


Cross Beat of Coabustion, .•tn/tal 


D287 

D93 

D8S 

D97 

D129 

OS24 

M82 

095 

M73 


9.8 

170 

26.3 

5 

0.23 

0.34 

0.00 

0.0 

0.001 


15.0 

177.0 

1.30 

6.86 

0.036 

0.05 

0.07 


24.5 

330 

360 

93 

3.0 

11.11 

0.19 

0.2 

0.25 


145,079 151,160 154,550 146,152 152,055 155,468 148,127 152,325 157,241 148,191 153,552 159,935 145.710 152,151 163,922 


I 


I 


From Shelton, E. M., "Heating Oils, 1979," Report No. BETC/PPS-79/^, produced under a 
cooperative agreement between the Department of Energy (DOE), Bartlesville Energy 
Technology Center (BETC), Bartlesville, Oklahoma, and the American Petroleum Institute (API). 
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TABLE n 

BERC-API SURVEY OF TYPE CB (CITY BUS) FUELS 
(84 No. 1-D and 24 No. 2-D Fuels). 


ty»| <9Tt 


CeograpMc distribution o( dlbMl fuels 
Districts wItMn rsQlon 
Mditlonel districts 
Nu«bnr ot fuels 

eastern region 
A.6,C 
D.E.F.C 
30 

Southern veglon 
0 

€»e,C.E*F,C,t 

14 

Central raglon 
€.f.G 

A,0,C,*0,l,J.A 

31 

Rocky MotPftain region 

D,E,F,G,C.M,R.0»* 

16 1 

Restern region 
t.R.R.O.P 

16 

Test 

! ASTM 

Nininvie 

AreraM 

Meriau* 

Mlnlatpi Average »taln«ai 

HlnlatM Average ttoelaifs 

Mlniatae Rrera 9 e Ma*la>» 

1 

t4IMa«ai 

Average Heelnwa 

Grevity, *API 

0»T 

34.3 

42.1 

46.8 

51.4 

40.4 

U.1 

32.3 

40.8 

43.1 

34.7 

40.6 43.1 

32.8 

40.4 

47.7 

flash point, 

093 

170 

- 

186 

124 

• 

178 

120 

- 

186 

124 

178 

120 

- 

212 

ORl<r: 

ikSTM 

DI900 

L0.9 


1.0 

0.3 


1.0 

0.0 


1.0 

0.3 

- 0.3 

tO.3 


11.0 

Seybolt ctroKsteter 

0136 

•30 

- 

*16 

•30 

«■ 

♦17 

♦30 

- 

♦16 

♦30 

- *11 

♦30 

• 

♦12 

Viscosity at 100* f: 
Rlneaatlc, es 

0M3 

1.4 

1.84 

5.1 

1.4 

1«8f 

2.83 

1.4 

1.98 

3.1 

1.4 

2.01 3.8 

1.4 

1.94 

3.60 

Savfwit iptUerul, sac. 

ow 

1 - 

32.1 

36.3 

a 

32.2 

33.4 

• 

32.3 

36.3 

• 

32.6 37.9 

• 

32.4 

57.9 

Cloud point, *f 

0300 

-57 


10 

<-€0 

• 

4 

-34 

• 

6 

<-76 

- 8 

<-76 


22 

1 * 0 ^ point, *f 

097 

1 -70 

- 

0 

-TO 

- 

-3 

-60 

- 

-5Q 

-80 

- 20 

-X 

- 

20 

SuHur content, «tf 

0179 

0.0 

0.094 

0.30 

0.01 

0.090 

0.27 

0.01 

0.152 

0.41 

O.OC2 

0.133 0.42 

0.X2 

0.108 

0.42 

Anil Ine point, *f 

D61I 

138.3 

146.3 

133.0 

132.0 

144.7 

131.6 

138.3 

146.6 

136.3 

133.3 

144.1 136.3 

133.3 

140.2 

131.0 

CerboH residue on lof, «rff 

032< 

0.00 

0.063 

0.13 

0.00 

0.066 

0.13 

0.00 

0.<»3 

0.34 

0.00 

0.075 0.34 

O.X 

0.077 

0.13 

Ash, 

D«a2 

O.lXjO 

0.0004 

0.001 

O.OOQ 

0.0013 

0.Q1 

O.DOO 

0.00041 

0.001 :> 

0.000 

0.0013 0.01 

0.0000 

0.XI3 

0.01 

Oetena nia^er 

0613 

41 

47.8 

32 

42 

47.1 

32 

41 

47.11 

52 

38.9 

43.0 31 

36.9 

47.1 

36 

Oetana indes 

0975 

W.3 

32.7 

€3.1 

46.3 

48.6 

32.3 

44.6 

49.0 

33.6 

A3.1 

30.3 33.6 

43.4 

X.3 

36.5 

Olstllletivi t«B«, *P 
vo?ia»e recovered: 
IS> 

085 

301 

335 

3*6 

328 

563 

393 

301 

333 

482 

378 

360 402 

300 

335 

395 

101 


364 

390 

460 

364 

394 

441 

364 

3*3 

460 

360 

393 430 

359 

396 

469 

lOf 


400 

437 

322 

400 

442 

324 

400 

U6 

522 

404 

4«3 333 

476 

442 

533 

*31 


430 

494 

5*4 

434 

499 

600 

454 

310 

803 

434 

303 810 

434 

301 

619 

Cnd polnl 


490 

338 

640 

498 

34} 

638 

490 

• 354 

644 

490 

348 830 

1 X3 

y3 

632 


From Shelton, E. M., "Diesel Fuel Oils, 1979, "Report No. BETC/PPS-79/5, produced under a 
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table 12 

BERC-API SURVEY OF TYPE T~T (TRUCKS AND TRACTORS' FUEL 
(27 No. 1-D and 173 No. 2-D Fuels) 


OUf I twrvY. 


o 

ro 


GMgraphtc dUtrlbutton et 41*Ml t«MU 
OUtrictft ■HMn region 
Mdltlonol tfifttricle 
WMibT of lu»l» 


Caitern region 
A,B,C 
D.e.F.G.J 
5J 


Tetf 


Crewlty. *«*• 

Fle»n point, *f 
Color, ASTM 
Tieeoelty et 100* F: 
RineMtIc, cs 
Sevbolt Univerut, 
Cloud point, *F 
^ur point, *F 


tC81 

09> 

01900 


29.8 

uo 

L0.9 


DUS 

068 

02900 

097 


K57 

<-40 

<•40 


JWerege Heel 


5S.7 «6.6 

192 
1.9 

2.67 3.40 

M.9 37.3 

- 16 

• 10 


Southern region 
0 

A,B.C,C,F,G.I,J 

26 


Centrel reglpn | Bochy Itetntein region 

E,F,G I M.I.J.K 

A,B,C,D,H,t,J,K*t»>l,N,0- C*0,E,F,C,L#B#H,0,P 

62 i 


Veetern region 
L,t*,N,0,P 
C»H,|,J,R 

28 


Mlninw /Wereg«» I 


Mlnloici Arerege I 


Mlnlotfi Averego l 


29.8 

144 

L0.9 


42.9 

192 

1.9 


29.8 

124 

0.0 


44.8 

222 

L2.0 


32.8 

124 

0.5 


43.9 { 31.1 

188 I 128 

1.9 I 0.9 


36.0 


42.9 

212 

2.0 


1.97 2.84 

39.4 

<-24 

<-25 


3.40 

37.3 

18 

10 


1.63 

-92 

-50 


2.67 

34.9 


3.65 

38.0 

18 

19 


1.94 

-68 

-60 


2.97 

34.9 


3.63 

38.0 

22 

20 


1.43 

2.76 

4.0 

_ 

39.2 

39.2 

-64 

- 

46 

-70 

- 

20 


Sulfur content, 

Anil Ine point, *F 
Carbon roftitfvo on 10f» '■13 
Afth, «tS 
Cetene nueber 
Cetene Inden 


0129 0.01 0.200 

0611 113.0 142.0 


0924 

D482 

0613 

0979 


O.W O.IOt 
0.000 0.0014 
39 49.9 

37.1 48.7 


0.90 

167 

0.32 

0.01 

94 

63.1 


0.01 0.242 

128.0 143.1 

0.00 0.109 

0.000 0.0022 

40.2 49.1 

39.3 47.8 


0.89 

194.0 

0.32 

0.01 

92 

94.6 


0.00 0.242 

113.0 149.3 

0.00 0.111 
0.000 0.0013 
39 46.9 

39.3 49.3 


0.46 1 0.030 
176 128.0 


0.34 

0.01 

55.9 

57.4 


0.00 

O.COO 

41 

39.5 


0.294 

149.7 

0.092 

0.0012 

47.0 

49.7 


0.990 

159.4 

0.34 

0.01 

91 

96.3 


0.01 

139.9 

0.03 

3.0000 

43.9 

«tt.6 


0.23 

149.7 

0.084 

0.0013 

46.8 

90.1 


0.990 

199.0 

0.19 

0.01 

91.0 

94.0 


OUtllletlon twp, ' 
vQluee recowed I 
IBP 

lot 

901 

90t 

End point 


301 

378 

407 

496 

490 


380 

430 

344 

429 

460 

378 

497 

936 

407 

978 

639 

496 

630 

706 

911 


383 430 
434 460 
909 934 
986 639 
639 706 


301 

376 

360 

424 

409 

499' 

494 

577 

496 

627 


493 

480 

938 

635 

706 


322 

360 

408 

448 

498 


374 

421 

491 

972 

618 


483 

909 

961 

839 

700 


336 

369 

413 

471 

907 


381 

434 

901 

982 

828 


483 

909 

961 

637 

700 
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TABLE 1 3 

BERC-API SURVEY OF TYPE R-R (RAILROAD) FUELS 
(2 No. 1-D, 100 No. 2-D, and 2 No. 4-D Fuels) 


PI— cl twt IfTf 


o 

CO 


GcogrcfMc Clttril>vtlo(t of dIcMt fvclt 
plBtrlctft vlthin region 
Mditlonal dl«trlcta 
Nueber ol fu»lt 

Eastern r 
A,B,C 

o,t,r,c 

26 

eglon 

Southern region 
0 

A,6,C,C,r,G,l,j 

16 

Central region 
E.F.C 

A,6.C.0,t,J 

27 

Rocky MMPtteln region 

C.0,C,F,C,L,M,N,0,F' 

16 

L,M,N,0,P 

6,N,|,K 

11 

Test 

AS7M 

Hlnlnwi Average Msalaiaij 

Min law 

Avvege 

Maitatfi 

MlnleuB 

Average 


Mlnlana* Average Meaheua' 

Mialaue Average tp^lewi 

Gravity, 

D7S7 


29.6 

54.7 

43.6 

29.3 

33.6 

36 2 

29.3 

34.9 

41.4 

21.5 

34.1 

41.4 

26.5 

33.9 

36.1 

Flash point, *F 

093 


144 

- 

194 

144 

« 

197 

132 

• 

IM 

136 


206 

164 

• 

212 

Color, ASH* 

D19Q0 


0.9 

- 

13.0 

0.5 

- 

L3.0 

L0.9 

• 

2.0 

0.0 


1.5 

0.5 

• 

L2.0 

viscoBitr at ICO* Fs 


















Kincactle, et 

D«<9 


2.09 

2.91 

5.02 

2.26 

2.84 

3.40 

1.61 

2.66 

3.34 

1.61 

2.77 

3.60 

1.99 

2.95 

3.60 

Scybolt Uhlvcrscl, mc. 

008 


32.8 

35.7 

42,9 

33.5 

35.4 

37.3 

32.0 

34.6 

37.1 

32.0 

35.2 

37.9 

32.6 

35.6 

37.9 

Cloud paint, T 

0?>00 


-2 

- 

30 

0 

- 

18 

-30 

- 

16 

-30 

- 

22 

-2 


22 

Pour point, *F 

097 


-40 

“ 

20 

-40 

- 

0 

-40 

- 

5 

-30 

- 

20 

-10 

- 

20 

Sulfur content, vtf 

0129 


0.03 

0.21 

0.65 

0.06 

0.23 

049 

0.13 

0.271 

* 0.65 

0.06 

0.560 

0.61 

0.06 

0.297 

0.61 

Anil In# point, *f 

0611 


117.0 

136.9 

167 

117.0 

136.3 

155.0 

117.0 

141,1 

156 

112.0 

139.9 

145.5 

115.0 

136.2 

146 

Carbon rosIdM on lOf, «tt 

0924 


0.019 

0.117 

0. 19 

0.015 

0.120 

0.31 

0.056 

0.146 

0.34 

0.04 

0.135 

0.34 

0.070 

0.104 

0.15 

Ash, fftt 

0462 


0.000 

C.001 

0.007 

0.000 

0.001 

0.007 

0.000 

0.0006 

0.003 

0.000 

0.0010 

0.007 

0.000 

0.003 

0.01 

Cotana nt«6ar 

0613 


36 

44.1 

54.0 

36 

42.9 


36 

43.0 

50.1 

41 

49.5 

90 

36 

45.3 

51.0 

Catena Indn 

0979 


43.2 

53.6 

66.1 

39.3 

46.9 

54.6 

39.3 

47.6 

54.6 

39.3 

49.4 

53.5 

- 

• 

46.6 

Dlstilletlon teap, *F 


















rotmm raeo«ar«is 

086 

















IB» 



344 

365 

512 

344 

980 

416 

331 

372 

420 

340 

362 

420 

363 

386 

408 

I0< 



404 

439 

950 

404 

435 

456 

360 

427 

468 

360 

432 

478 

412 

444 

476 

901 



492 

906 

562 

492 

905 

554 

441 

501 

934 

441 

904 

534 

461 

511 

539 

SOS 



522 

590 

618 

922 

586 

616 

487 

589 

624 

487 

566 

651 

1 979 

996 

619 

End point 



56* 

M2 

680 

996 

M5 

680 

922 

640 

670 

522 

832 

660 

621 

641 

660 


o o 

^ 33 


TJ 

O 

O 

33 


Q 

i- 


fa ■) 


:£Q 
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TABLE 14 

BERC-API SURVEY OF TYPE S-M (STATIONj^RY AND MARINE) FUELS 
(1 No. 1-D and 10 No. 2-ID Fuels) 


OI«—l wvy, IfN 


Coo^aphic distribution ol diasal fuels 
Oitfricts ultMn region 
Additional districts 
Nk«ber ot fuels 

Eastern region 
A,B,C 
E,F.C 
1 

Southern region 
0 

4 

Centre 're^'vie 

C 

3 

floehy Mawttaln raglon 
H.I.J.K 

iMstere region 
L.H.N,0,P 

3 

Test 

ASTM 

n lual) 

Mlnleui 

Average H«ilaiai 

Mlnleias Avarag* IteletA 

4tt> Analyses} 

Mlnletfh Average MmiNm* 

Qrevitv. *API 

0287 


2S.B 

29.6 

39.1 

33.0 

34.9 

37.8 


33.4 

36.3 

47.1 

Flesh point, *F 

093 


132 


254 

14& 

• 

136 

- 

120 

- 

212 

Color, AS1M 

D13Q0 

- 

10.3 

* 

t.O 

U3 

- 

12.0 

- 

0.3 

• 

10.5 

Viscosity et 100* F: 
KineMetICf cs 

DS43 

_ 

2.40 

7.02 

20.1 

2.37 

2.39 

2.70 

_ 

1.43 

3.01 

4.0 

Seybott univarsel, sec. 

oea 

- 

34.0 

4B.9 

96.2 

33.9 

34.6 

33.0 

- 

- 

36.0 

39.2 

Cloud point, *F 

D2500 


6 

• 

ID 

-2 

- 

2 

- 

-6 

- 

46 

Pour point, *F 

097 

- 

-10 

- 

63 

•13 

- 

0 

• 

•10 

• 

10 

Swilir content, vtf 

D129 

_ 

0.13 

0.72 

i.*J 

0.23 

0.28 

0.30 

• 

0.02 

0.10 

0.17 

Aniline point, *F 

0611 

- 

103 

116 

129 

133.0 

144.0 

133.0 

- 

- 

•• 

- 

Carbon residue; 
on lOl, utS 

0624 


0.014 

0.050 

0.066 



0.13 


0.03 

0.06 

0.10 

on loot, etf 


- 

- 

- 

0.39 

■« 

w 

- 

- 

- 

- 

— 

Ash, 

04 B2 

- 

0.000 

0.001 

0.002 i 

0.003 

Q.0007 

0.001 

- 

o.ocoo 

0.0003 


Cetane ntaiber 

0613 


32.5 

34.4 

40.4 




• 

- 

— 

49 

Catena Index 

0973 

- 

> 

- 

34.4 

43.2 

46.6 

S3.2 

• 

53.1 

34.6 

36.5 

Distillation teep, *f 
volipe reentered: 
IBP 

D66 


370 

395 

418 

333 

366 

370 




390 

lOf 


> 

416 

446 

476 

419 

421 

424 

- 

339 

433 

478 

501 


- 

494 

310 

530 

493 

496 

303 

• 

412 

496 

330 

fcj 


- 

573 

594 

604 

303 

363 

390 

• 

4M 

360 

633 

Cnd point 


” 

633 


662 

f/1ll 

633 

643 

• 

321 

621 

690 


o o 

■n 53 

”0 B 

O S 
O 

53 ?=■ 

lO 

55 0 - 

r” Eia 



From Shelton, E. M., '•Diesel Fuel Oils, 1379, '* Report No. BETC/PPS-79/S* produced under a 
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TABLE 15 

BERC-API SURVEY OF JP-4 WIUTARY AVIATION TURBINE FUELS 
(Also qualify as D2880 Grade 0-GT Gas Turbine Fuel Oils) 



1970 

1971 

1972 

1973 

1974 

1975 

1976 

1977 

1978 

NuR&er of fuels 

33 

32 

35 

30 

33 

30 

33 

28 

23 

Gravity, “API 

53.8 

54.5 

54.6 

54.1 

54.3 

54.0 

54.1 

53.9 

53.9 

Distillation 1/ 
Temperoture: 










10% recovered. "F 

212 

211 

215 

216 

214 

211 

215 

211 

209 

50% do. , “F..... 

290 

288 

285 

289 

291 

287 

292 

299 

289 

90% do. , “F 

389 

393 

394 

402 

397 

390 

399 

395 

400 

Recovered ot 400 F, % 

89.5 

89.4 

87.5 

84.0 

85.9 

86.0 

85.6 

85.7 

86.2 

Reid vapor pressure, 1b 

2.6 

2.6 

2.5 

2.5 

2.5 

2.5 

2.6 

2.6 

2.6 

Freezing point, “F 

<-76 

<-76 

-84 

-80 

-81 

-84 

-84 

-79 

-79 

Viscosity, kinematic, -30 F, cs 

2.80 

2.94 

3.01 

2.S3 

2.68 

2.20 

2/2.4 

4/ 2.4 

- 

Aniline point, “F 

129.4 

130.4 

130.7 

132.0 

132.8 

129.9 

“131.3 

130.8 

1S0.3 

Aniline-grovity constant. No. ...... 

6,961 

7,107 

7,136 

7,141 

7,211 

7,028 

7,103 

7,061 

7,049 

Water tolerance, ml 

Sulfur: 

Q.l 

0.2 

0.4 

0.6 

0.5 

0.5 

0.6 

0.3 

0.6 

Total- wt % 

0.032 

0.034 

0.032 

0.033 

0.035 

0.036 

0.042 

0.044 

0,035 

Mercaptan, wt % 

0.0005 

0.0006 

0.0005 

0.0005 

0.0012 

0.0006 

0.0005 

0.0004 

0.0004 

Naphthalenes, wt % 

1.45 

0.88 

0.74 

0.9 

1.3 

0.20 

2/. 51 

14/ 0.2 

• 

Aromatic content, vol % 

11.5 

10.8 

10.7 

11.8 

10.6 

11.2 

“ 11.2 

" 12.2 

12.3 

Olefin content, vol % 

0.9 

0.8 

0.9 

1.0 

0.9 

1.0 

0.9 

0.8 

o.'s 

Smoke point, mm 

27.6 

27.4 

28.0 

28.2 

28.1 

27.2 

27.7 

27.7 

27.5 

Smoke volatility index 

65.2 

65.0 

64.9 

63.2 

64.3 

62.8 

63.6 

63.5 

63.5 

Gum, n^/100 ml; 









Existent, at 450 F 

0.6 

0.6 

0.7 

0.6 

0.8 

0.9 

0.7 

0.7 

0.7 

Potential, at 212 F 

1.2 

1.2 

1.1 

1.2 

1.2 

1.0 

1.0 

1.0 

1.2 

Heat of combustion, net, Blu/lb .... 

18,708 

18,721 

18,725 

18,727 

18,733 

18,714 

18,721 

18,715 

18.716 

Luminometer rwmber 

Thermal stability: 

63 

60 

63 

64 

62 

62 

3/ 61 

5/. 61 


Pres furs drop, in. Kg 

0.17 

0.12 

0.06 

0.22 

0.15 

0.26 

0.30 

0.5 

0.2 

Water seporometer Index, No. ...... 

88 

88 

90 

90 

91 

90 

91 

90 

91 


1/ Distillation data reported on evqiorated bosh prior to 1972. 
2/ Repreients two somples. 

3/ Represer^ four samples. 

4/ Represents one sample. 

3/ Represents three samples. 


From Shelton, E. M., "Aviation Turbine Fuels, 1979, '* Report No. BETC/PPS-79/2, produced under 
a cooperative agreement between the Department of Energy (DOF.), Bartlesville Energy 
Technology Center (BETC), Bartlesville, Oklahoma, and the American Petroleuc> Institute (API). 


OF POOJ? QUALITY 


TABLE “15 

BERC-API SURVEY OF JP-5 MILITARY AVIATION TURBINE FUELS 
(Also qualify as D2880 Grade. 1-GT Gas Turbine Fuel Oils) 



1970 

1971 

1972 

1973 

1974 

1975 

1976 

1977 

1978 

Numbar of fuels 

10 

10 

12 

8 

7 

8 

8 

7 

7 

Gravity, -API 

41.0 

42.0 

41.6 

41.7 

41.6 

41.5 

41.5 

41.4 

41.7 

DtstilloHon 1/ 










Temporohire: 

10% recovered, ®F. 

WHV. ®F 

383 

416 

380 

414 

388 

419 

387 

422 

389 

419 

388 

418 

390 

422 

385 

420 

390 

419 

90% do. , ®F 

461 

459 

460 

469 

462 

462 

470 

470 

465 

Recovered at 400 F, % 

31.5 

36.2 

25.0 

23.4 

23.2 

25.9 

21.6 

24.1 

Z3« w 

Reid vapor pressure, lb 

Viscosity, kinematic, -30 F, cs 

Aniline point, ”F 

Aniline-grovlty comtont. No. 

Water tolerance, ml 

-58 

10.2 

140.0 

5,740 

0.2 

-57 

10.2 

140.8 

5,914 

0.03 

-59 

10.1 

139.7 

5,714 

-56 

10.5 

144.6 

6,059 

-58 

10.5 

144.0 

5,990 

0.1 

-56 

9.0 

142.1 

5,840 

0.1 

-54 

10.2 

143.3 

5,971 

0.3 

-56 
9.7 
143.0 
5,920 
3/ 0.0 

-55 

7.1 

142.9 

5,959 

0.5 

Sulfur: 

0.045 

0.053 

0.037 

0.096 

0.065 

0.061 

0.059 

0.068 

0.057 

Mercaptan, wt% 

Nophthalenes, v4% 

Aromatic content, vol % 

0.0004 

15.9 

0.0003 

16.4 

0.0009 

1.21 

15.7 

0.0007 

16.0 

0.0015 

16.0 

0.0006 

15.2 

0.0004 

16.9 
n o 

0.0006 
2/ 1.0 
“ 16.0 

0.0004 

15.3 
1 4 

Olefin content, vol % 

Smoke volatility index 

1.0 

22.4 

35.6 

1.1 

22.2 

37.4 

0.6 

21.7 

32.2 

0.8 

22.2 

32.0 

1.0 

22.3 

32.0 

1 .2 
22.9 
33.8 

22.3 

31.4 

0.9 

22.6 

32.7 

21.8 

31.4 

Gum, mg/100 mb 

Heat of combustion, net, Btu/lb .... 

0.5 

2.2 

18,514 

44 

0.9 

2.7 

18,534 

1.3 

2.2 

18,515 

1.3 

2.6 

18,526 

0.6 

18,539 

1.0 

18,522 

0.8 

2/ 1.0 
18,538 
2/ 48 

1.1 

2/ 1.0 
“ 18,533 
2/ 48 

1.0 

18,535 

Thermal stability: 

Pressure drop in. 

Water seportf reter index. No 

0.01 

95 

0.08 

97 

0.14 

96 

0.5 

94 

0.2 

95 

0.16 

94 

0.16 

92 

0.4 

96 

0.3 

95 


1/ Dhtlllatlpn data rejwrted on ovaporatod basts prior to 1972. 

2/ Represents one sample. 

5/ Represents two samples. 

From Shelton, E. M., “Aviation Turbine Fuels, 1979,“ Report No. BETC/PPS-79/2, produced under 
a cooperative agreement between the Department of Energy (DOE), Bartlesville Energy 
Technology Center (BETC) , Bartlesville, Oklahoma, and the American petroleum institute (API). 
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TABLE 17 

BERC-API SURVEY OF JET A COMMERCIAL JET FUELS 
(Also qualify as D2880 Grade 1-GT Gas Turbine Fuel Oils) 



1970 

1971 

1972 

1973 

1974 

1975 

197A 

1077 

1978 


Number of fuels 

37 

57 

64 

65 

63 

66 

65 

65 

60 


Gravity, “API 

42.7 

42.8 

43.0 

42.9 

42.9 

42.9 

43.1 

43.2 

42.9 


Distillation 1/ 

Temperature: 

10% recovered, ®F 

371 

371 

372 

369 

369 

370 

371 

370 

374 


50% do . , “F 

417 

416 

415 

415 

413 

414 

415 

414 

416 


90% do. , “F 

477 

473 

474 

473 

472 

472 

474 

472 

473 


Recovered at 400 F, % 

34.2 

35.6 

35.7 

36.3 

37.2 

36.8 

35.3 

37.6 

33.9 


Reid vapor pressure, lb 

0.3 

0.2 

0.2 

0.1 

- 

0.2 

0.2 

0.2 



Freezinq point, “F , , . , 

-50 

-50 

-50 

-51 

-51 

-50 

-51 

-50 

-49 


Viscosity, kinematic, -30 F, cs 

9.45 

9.45 

9 .x 

9.12 

9.21 

9.22 

9.32 

9.4 

9.2 


Aniline point. “F 

144.4 

144.1 

144.8 

143.2 

142.6 

143.4 

144.2 

143.6 

143.6 

Aniline-gravity constant. No 

6,166 

6,182 

6,241 

6,143 

6,118 

6,152 

6,244 

6,204 

6,160 

*»a»« 

Woter tolerance, ml.. 

0.2 

0.2 

0.3 

0.5 

0.5 

0.4 

0.5 

0.3 

0:4 

O p 

Sulfur; 

Total, wt %. 

0.049 

0.045 

0.048 

0.045 

0.054 

0.054 

0.060 

0.061 

0.053 

p > 

Mercc^tan, wt 

0.0005 

0.0006 

0.0004 

0.0006 

0.0009 

0.0QC» 

0,0009 

0.0008 

0.0007 

k 

Naphthalenes, wt% 

1.91 

1.85 

1.79 

1.80 

1.82 

1.67 

1.70 

1.70 

1.78 

Aromatic content, vol % 

16.4 

16.1 

16.1 

16.3 

16.7 

16.9 

17.0 

17,2 

17.4 

Olefin content, vol % 

1.1 

1.0 

1.1 

1.2 

1.2 

1.0 

1.1 

1,2 

1.0 

.1 

Smoke point, mm 

23.3 

23.4 

23.2 

23.3 

22.9 

22.9 

23.1 

23.1 

22.7 

Smoke volatility Index 

37.7 

38.4 

37.5 

38.5 

33.6 

38.2 

37.9 

38.8 

36.8 


Gum, mg/100 ml: 

Existent, at 450 F..., 

0.6 

0.7 

0.8 

0.7 

0.8 

0.9 

0.8 

0.9 

0.8 


Potential, at 212 F 

1.5 

1.4 

1.6 

1.6 

1.9 

1.9 

2.2 

1.5 

2.3 


Heat of combustion, net, Btu/lb .... 

18,586 

18,584 

18,589 

18,583 

18,582 

18,622 

18,609 

18,589 

18,584 


Luminometer number. 

48.9 

49 

50 

49 

50 

50 

50 

50 

49 


Thermal stability: 

Pressure drop, in. Hg 

0.18 

0.21 

0.23 

0.35 

0.33 

0.26 

0.29 

0.3 

0.4 


Water seporometer index. No 

95 

96 

96 

95 

95 

95 

96 

94 

95 



1/ DIsHlIctflan data raportad an evc^oratad bos?* prior to 1972. 


From Shelton, E. M., "Aviation Turbine Fuels, 1979, " Report No. BETC/PPS-79/2, produced under 
a cooperative agreement between the Department of Energy (DOE), Bartlesville Energy 
Technology Center (BETC), Bartlesville, Oklahoma, and the American Petroleum Institute (API)." 
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TABLE 18 


SULFUR AND NITROGEN CONHNTS OF CRUDE OILS 

StUettd from RcpnicntaHv* Fl«ld» 


PIUD AND OtUOa 

ORAVITV 

MIFUR 

NITROOIN 


•AFI 

% 

« 

ArkanKi»>Seliultr 

S3J 

1JM 

A63 

Callfomla>Elk Hill* 

S3.1 

M 

A6 

C'jllfornlo-MIc{way-Sun**l 

SOJ 

M 

.S3 

Catifornla-Sanla Marla 

16.0 

S.06 

.63 

CalifornIo>WIImInglan 

25.6 

1.24 

48 

Co|arad^Rans*ly 

as.9 

.7* 

.063 

illlneMoudtn 

M.B 

A6 

494 

Kontat-Xroft Prvta 

43.0 

aa 

.17 

LauIilDno4>*llo Farm* 

33.B 

aa. 

.055 

MlchlBor>4>itp River 

B4.3 

AO 

.12 

MltiltilppWBoxtervlRa 

15.0 

3.07 

.19 

MluluIppMreekhavan 

26.6 

A6 

466 

Menton^ut Bank 

46.5 

AS 

.013 

Ntw MtxIco-LanBlle 

34.B 

1A5 

466 

Oklahamo-Burbank 

S5.8 

A1 

45 

Oklahoma-Valma 

2S.2 

.SI 

;27 

Texai*Eait T*xo« 

37.B 

A6 

485 

T«xa»-Hatllng* 

31J 

.24 

.034 

T«xa*4lewkliit 

25.7 

2.45 

.13 

Texat-SMlIaioii 

40.f 

.10 

404 

T«XB*-Wonon 

34.2 

1.90 

.10 

Wyomlng-Elk Bailn 

31.5 

1A2 

.14 

Wyomlng-Ortgen Botin 

22.0 

3A7 

.35 

NralBivdron 

36.0 

1A6 

.14 

Iraq 

36.6 

1.93 

494 

IhumaM, Natural 




Callfomlo^dno 

4.3 

3.20 . 

143 

UtolfVamal 

•A 

AO 

I.I8 

Conado^Athabatka 

13.0 

S.1S 

A3 


-Reprinted with permission from the manual Impurities 
in Petroleum copyright 1 958 and published by Petrol ite 
Corporation, Petreco Division, P.O. Box 2546, Houston, Texas 77001 
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TABLE 19 

NITROGEN CONTENTS OF CRUDE OILS AND FRACTIONS 

aUOt OIL NIUOGtN CONUHT 



RASie V, 

TOTAL % 

RATIO B/T 

JodiMn 

,01 

M 

J5 

Mirando 

4il 

M 

M 

Scurry County 

,02 

M 

43 

Eoil T«xo» 

m 

M 

45 

WmI Toxoi 

joa 

.11 

47 

Kanta* 

,04 

.12 

43 

Mldconlininl Mix 

jm 

.10 

45 

Santo Marla Valiay 

,19 

.66 

49 

Kottliman Hill* 

,14 

,41 

44 

Wilmington 

,14 

JO 

41 

Vontura 

,13 

Al 

41 

Tifau 

4)33 

.13 

.25 

Oulce Ouotio 

m 


45 

Kuwait 

xa 

.12 

45 

Wilmington Rotiduum 

M 

1.13 

40 

Atphaltono fraction 

M 

2J33 

40 

Ponton* Sol. fraction 

M 

J7 

40 

Kuwait Rttiduum 

.09 

JS 

46 

Aspholttn* fraction 

*34 

.?! 

46 

Ponton* Sol, fraction 

X3 


49 

DISTILUTIS 


(lxpt*u*<l In pymt 


Californio Naphtha 

3.7 

7,3 

41 

Ponn, S. R. Gotolin* 

3,2 

15.0 

47 

Michigan S. R. OoMlin* 

2.0 

5.0 

40 

Kuwait Nophiha 


3.1 


Wyoming Naphtha 

1J 

4.6 

49 

Calif, cracVod naphtha 

171 

114 

,93 

Calif, thormol crechod 

224 

234 

.96 

Calif, (Sta. Maria) cokor dl*t. 

62 

130 

46 

Coiif, (hormal No. 2 fual 

22 

56 

49 

Wyoming cot. No. 2 fuol 

61 

210 

49 

Midcont. thtrmal No, 2 fuol 

161 

224 

42 


-Reprinted with permission from the manual Impurities in 
Petroleum copyright 1958 and published by Petrol ite 
Corporation, Petreco Division, P.O. Boy 2546, Houston, Texas 77001 


TABLE 20 

TYPICAL NO. 2 FUELS 


ORISSWAI- PASS 

OF POOR QUALITY 





Vi rgi n 

Hydrogenated 





Distillate Blend of 

Virgin 




"Premium" Virgin 

& Unusual 

Distillate 

Dpcrri n1* 1 nn 



Diesel 

FCC'^ 

Severely 

"Premi urn" 

i^CdV«l ipUli/ll 


West 

Fuel. 

Distill 

. Hydrogenated Diesel 



Coast , 

Gulf 

Gulf 

Gul f Coast Fuel , East 



Blend” 

Coast 

Coast 

Condensate Coast 

Inspection 







Gravity: “API 


38.0 

39.1 

35.0 

41.7 

37.6 

Specific Gravity, 60 /60“F. 

0,8348 0,8294 0,8499 

0,8170 

0.8368 

Viscosity, SUV: Sec, 







100“F. 


35.5 

33.6 

34.7 

34.0 

34,6 

Flash, P-M: “F, 


176 

156 

156 

152 

172 

Cloud Point: “F, 


+4 

-6 

-4 

0 

-18 

Pour Point: “F. 


+5 

-20 

-10 

-10 

-20 

Appearance 


bright 

bright 

bright 

bright 

bright 

Color, ASTM D 1500 


L 1,0 

L 0,5 

L 1.0 

L 0,5 

L 0.5 

Odor 


oxidized 

normal 

normal 

normal 

normal 

Siilfur : ia hy Wt, 


o,4o 

Or,Ok 

0,12 

0.05 

0.05 

Water: . PPM 


80 

134 

26 

11 

50 

Carbon Residue, Rams, 







on 10^ Bottoms : ^ by Wt, 

0,09 

0.05 

0.13 

0.05 

0,02 

Aniline Point: F, 

o . 

157.0 

154.5 

144.5 

165.0 

153.4 

hydrocarbon -lype Analyses 






% by Volume 







Paraffins 


43,8 

36.3 

35.4 

48,5 

33.0 

Cycloparaffins 


30,2 

L2.7 

29.7 

34.4 

43.2 

1 Ring 

19.9 


30.3 

21,9 

27.6 

29.6 

2 Ring 

8.6 


9.3 

6.5 

5.8 

11.1 

3 Riiig 

1.7 


2.7 

1.3 

1.0 

2.5 

4 Ring 

0,0 


0,4 

0,0 

0,0 

0.0 

Olefins 


1.0 

1.0 

2,0 

1.5 

2.0 

Aromatics^ 


25.0 

20,0 

32,9 

15.6 

21.8 

Benzenes 

12 


11 

17 

11 

12 

Indanes 

6 


5 

7 

3 

6 

Indenes 

4 


1 

2 

1 

2 

Naphthalenes 

1 


3 

6 

1 

2 

Acenaphthenes 

1 


0 

1 

0 

0 

Acenaphthylene s 

1 


0 

0 

0 

0 

Cetane Index 


54.8 

51.8 

48.0 

57.0 

50.7 

DistiUation, ASTM D 86 







Over Point: “F, 


392 

376 

376 

358 

373 

End Point: “F, 


631 

610 

636 

626 

615 

10^ Condensed at: “F, 


419 

410 

430 

410 

424 

50 


511 

478 

506 

478 

490 

90 


600 

570 

586 

572 

567 

Recovery: ^ 


99.0 

98.0 

98.0 

99.0 

98,0 

Residue: 


1.0 

1.0 

1,0 

1.0 

1.0 

Loss: 


0,0 

1.0 

1,0 

0,0 

1,0 


6R&DC 

PTD 

Harmarvllle, Pa. 
IWR/lr 


a. Ccxoblned FIA and high molecular weight mass analyses, 
h, Araaatic-lVP® is accurate to ±2^. 

c. Fluid cat-cracked 

d. Virgin and hydrocracked distillate 
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TABLE 21 


QRlGmV^ PAG!! IS 

OF PODR QUALITY 


a’HKUMAL PROPERTIES OP PETROLEUM PRODUCTS 


TABLr C.— //cofj of eomhuslion of erudt oils, fuel oil$, and keroieiiei 



1 ^^ett1eAtofcom^ustl>in•(col1!tta^t 
1 prmtUT$, Q, 

CtiA 

Hujtb, 

StuVral. 


146, 200 
145, COO 
144, 000 
144, 200 
143, 600 


142, 000 
143, 300 
141, GOO 
140, 000 
140, 300 


0,060 
0, OSO 
10, 000 
10, 030 
10, 040 


17. 030 
17, 960 
18, 000 

18. 030 
18, 070 


139, 600 
139, 000 
138, 300 
137, 700 
137, 100 


10,050 
10, 070 
10, 090 

10 , no 
10,120 


18, 100 
18, 130 
18, 160 

18, 100 
18, 220 


130,400 
135, 800 
135, 200 
134, 600 
133, 900 


10, HO 
10, 150 


18, 250 
IS, ?S0 
18,310 
18, 330 
18, 360 


133, 300 
132, 700 

132, 100 
131, 500 
130, 000 


18, 300 
18,410 
18, 430 
18, 4G0 
18, 480 


130, 300 
129, 700 
129. 100 
12S, 500 
127, 900 


135, 800 
135, 200 
131, 700 
134. 100 
133, 500 


18, 510 
18, 530 

15, 5G0 
18, 550 

16, 600 


127, 300 
120, 700 
120 , 200 
123. COO 
123. 000 


132, 000 
132, 400 
131, 900 
131,200 
130, 700 


18, 620 
18, 640 
18, 600 

15, 6S0 

16, 700 


124, 400 
123, 900 
123. 300 
122 SCO 
122. 200 


The heats of combustion of petroleum oils contammg 
appreciable amoimts of foreign matter may bo estimated by me-ans of the following 
relations: _ 

Q.-Q.-0.01 Q.(% 11,0 + % ash +%S) + Jf(%S) 

Q,-Q,-0.01 <2p(% H,0+ % ash +% S)+X(% S)~ Y(% H,0) 
taking values of Q, and Qp from TalJe G in the particular units desired, corresponding 
to tho°gravity of the oil and values of X and Y in the desired units from the folloiving: 


UdIU 

X 

Y 

r«i/f * 

Zt.i 

I.U 

mil /ih 

<0.6 

io.a 

Btu./ga) 

sa d 

■7.1 d 


Dtntu 
A. ?. I. 
atco'r. 




• From Miscellaneous Publication of the Bureau of 
Standards, No. 97, "Thermal Properties of 



























TASM 22 

armff mnmn or na vsaas mm 


Gr POOR QUAUTYj 


*r 

f 


HiflMry 
XnipacUcot 

Qr»vityt *API ^ 

Jtvar*<« Hglveulmr Vt» (Qde*)^ 

Vl«co«itgr| S TterBO V 
Oulf 60*^ 

TUeotitjTf Kis*i C», 

-30*f 
<0 
0 
60 
100 

yiMhf TCCt 
riMh, p-Mt 
Cloudt *7 
Rjurt *f 

JtealfUnty. ASIM S U69 
0bi<ka0^ 

77*7 

Oontfuetlrlty, (Ueul*t«di Cooduettvlty tfaUt 
r^ttlni Pointy ASm D 236£t *7 
feurfu* T«n«ioa, A5IM 0 133H X^Mi/Ck 
ITT* A8TK 0 9Tlt l^i/Cto 
JippMnae* 

ColoTi Sftytolt 

CbloTi lflvib«od 16* Oill, XP*17 
OoctoT, TOO 791*^01 
ChlerlA* P» 

Ctwntt In Liquid Qirftrocu'boM t 7W 
'Atonic Abforptloo 
BnrluB 
Chilelui 
Chrodui , 

Copper 

Iron 

I^tAtului 

8odl\» 

Lino 

Leed, PPB 
Klekel, 7m 
Vanndlun, PM 
Hjrdrogco, i by Vt. 

71trc«co« pm 
Xltroeeo, &ale> PM 
OorceDf Totil, pm 

Sulfur, MIM D 1266: i 
Cdeulfld* Sulfur, Pm 
XLenantAl Bulfr, PM 
Sydregen Sulfide, Pm 
MireepUn Sulfur, ASM 0 1323: ?m 
IkUr, Pm 

ItetieuleU Nutter, A8IK D 2276 
Xt/tM.. 

(krbon Aifldue, Rum, oo 10| B6m»: % 

Copper Strip, ASTM D 130, 212*7, 3 Rr. 

SUw* atrip, A3TN D 130 Mod., 212*7, 3 Br. 
Silver CccTMlon, ASTM D I6l6 Mod. 
XeutrulUutlon Mo., A81M D 9tU >tod.° 

7o’;ul Acid ffuMber 
■up. Acldi, Hi.RXXi/0 
Tbenolc, % by Vt. 

Thlophenoli, i by Vt. 

Xxletent Ova: %A00 Ml 
PbtentlAl Ow, 16 Hr.: MkAOO Ml 
Aalline Foint, ASTM S 611: *7 
Aniline Qnvlty froduet 
Heat of Covbujitlan, ASTM 0 ibOS 
BTUAb Vet 
BTU/Oul Ret 

Total Keut of CoetbuatlonS 
BTU/Oul Oroei 

RrSrocurboo Typei, ASTM 0 1319 
AroMttei 
Olefini 
Suturateu 

■upbtheoei: ^ by Vol. 

■uptlaleMC, ASTM D 1640| % by Vol. 

Oetune fc., D 6l3 
Oetune Index 

narml SUbillty, ASTM S l66o 
PTe beater TuqperattM 
filter Teaperature 
Puel Plow mte: Ib/Hr 
IVebeater Oipoelt mtlng 
filter Preeiure Drop 
Teit TIm] Klnutei 
taur teaotlon, TOG 791-32S1 
Voluee Cbat^i KL 
Rutli^ 

Mkter Sejmratleo later Mod. 

ASTM D 2$$0 

Beoke Ibint, ASTM D 1322: Me 
iMdnoMter Ro. , ASTM D I7U0 
DUtUlatlm, ASTM D 86 
Over Bslntt *7 
fed feint: *7 

*t ««p. • *r 
12 
20 
30 

to 


VUxul 


flalf.Oaut. 


iw.t !..»» 


Oulf Ooait Ro. 2 


*»3.7 

to.£ 


^*3 

Ii2.1 

1*1.5 

176 

172 


173 

IT6 

179 

370 

395 


370 

375 

fc05 

9.59 

lo.er 


9.91 

9.95 

U.84 

T.60 

e.£a 


8.52 

8.37 

9.20 

5.20 

5.76 


5.30 

5.37 

6.10 

3*3t» 

3.4s 


8.31 

2.33 

2.52 

1*56 

1.65 


1.56 

l.Go 

1.70 

ito 

lli2 


1?6 

l?8 

136 


IU6 




3H 

fecoverp: % 
feeldue: ^ 
ton: i 


-i»8 


-50 


a. ProB eorrelutlno bated 00 API gravity and 506 dletiUatlao point. 

b. 100 0 Sa^e. 

e. Sliver itrlp tuipended $o6 In liquid pteau at atart of dlitlUatloa. 
d. Qulculated froa API Gravity and Sulfur Content par Bureau of Stanterda Mies, 
febllcatlon Ro. 97. Tbli lu tbe “Heat Gooteot" iMnailly ueed Id C.S.A. la 
funaea ead boiler ealeulatloni . 


iM 

•J*6 


138 

-56 


-50 

-50 

-55 

-50 

-60 

50 

134 

835 

U.7 

IS. 

2 

0.7 

0.4 

9 

1 

-1*1 

-45 

•46 

•42 


2d 

26 

26 

28 

26 

51 

49 

49 

48 

51 

Drlgbt 

feight 

felght 

felgbt 

felgbt 

*30 

♦30 

♦30 

♦30 

«30 

0.25 

0.50 

0.50 

0.50 

0.25 

Regutlva 

Rccutiva 

■agative 

fegativa 

fegatlve 

<1 

< 1 

<1 

<1 

< X 

< 0,1 

< 0.1 

< 0.1 

< 0,1 

< 0.1 

O.I 

< 0.1 

0.2 

0.1 

< 0.1 

< 0.1 
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< 0.1 
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< 0.02 
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0.2 
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< 0.1 

< 0.1 

< 0.1 

< 0.1 

< 0.1 

< 0.1 

0.1 

O.I 

< 0.1 

< 0.1 

<0.1 

< 0.1 

< 0.1 

25b 

66 

<so 

20 

<0 

0.04 

0.04 

0.12 

0.03 

0.04 

<o.oe 

< O.ce 
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< 0.02 

< o.ce 
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13.34 

13.45 

13.58 

13.54 

1.0 

5.6 

8.7 

4.5 

1.6 

0.7 

5.0 

8.2 

3.4 

1.2 
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170 
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0.004 

o.a6 

0.056 

0.060 

O.C09 

•CO 

<io 

^0 

220 
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<5 

<5 

<5 

33 

<5 

<10 
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<.0 
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<3 

<3 

<3 

<3 

47 

26 

37 

53 
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0.07 

0.06 

0.06 

1 

1 

1 

4 

X 

1 

1 

1 

4 

1 

1 

1 

1 

4 

X 

0.010 

0.010 

o.cao 

o.ceo 

o.ceo 

0.004 

0.002 

0.003 

0.006 

o.oce 

< 0.001 

O.Od 

0.004 

0.013 

< 0.001 

< 0.001 

< O.OOl 

< O.OQl 

0.00a 

< 0.001 

<1 

< 1 

<l 

1 

<l 

1 

< 1 

< 1 

2 

1 

146.5 

139.4 

142.0 

143.0 

146.0 

6,4ce 

5,660 

6,007 

6,020 

6,059 

lB,6l6 

18,533 

10,')67 

18,549 

16,5ft 

125,1&7 

126,877 

125,866 

125,074 

126,543 

134,676 

135,422 

134, l£0 

134,554 

174,644 

16.0 

17 0 

17*0 

16.0 

15.0 

1.0 

h ,0 

0.5 

1,5 

1.0 

83.0 

ft'.O 

83.5 

60.5 

64.0 

35.4 

37.0 

31.0 

37.1 

37.8 

1.14 

1.32 

1.50 

8.00 

0.71 

46 

43 

U 

48 

44 

51 

45 

46 

48 

46 

300 

300 

300 

300 

300 

400 

400 

400 

400 

400 

6 

6 

6 

6 

6 

0 

0 

0 

0 

0 

< o.x 

O.I 

< 0,1 

0.1 

< 0.1 

300 

300 

300 

300 

300 

0 

0 

0 

0 

0 

1 

1 

1 

1 

1 

94 

90 

64 

ft 

90 

25 

21 
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TABLE 24 

SURVEY OF TRACE METALS IN DISTILLATE FUELS^ 


(Includes field and refinery samples) 

No. of No. of Concentrations of Trace Metals: ppm 


Fuel 

Samples 

Suppliers 

Na 

K 

V 

Ca 

Pb 

Hq 

Cu 

Kerosene 

151^ 

5 

0.0- 

0.12 

0.0- 

<0.10 

0.0- 

<0.10 

0.0- 

<1.0 

0.0- 

3.0 

0.0- 

<1.0 

0.0- 

4.0 

Diesel Fuel 

152^ 

8 

<0.01- 

1.0 

<0.01- 

0.3 

<0.01- 

<0.5 

<0.01- 

<1.0 

<0.01- 

<5.0 

<0.Ol- 

<0.05 

<0.01- 

1.0 

Burner Fuel 

82 

5 

0.0- 

6.4 

0.0- 

1.2 

0.0- 

0.7 

0.0- 

<1.0 

0.0- 

3.5 

0.0- 

<0.01 

0.002- 

0.42 

Aviation Turbine Fuel 

10 

2 

<0.02- 

<0.10 

<0.02- 

<0.05 

<0.01- 

<0.05 

<0.02- 

<1.0 

<0.05- 

<2.0 

m> 

<0.01- 

<0.10 

Gas Turbine Fuel 

13 

- 

<0.02- 

1.9 

<0.02- 

0.33 

<0.01- 

<0.10 

<0.01- 

<0.20 

<0.02- 

<2.0 

<0.01- 

<0.1 

<0.01- 

<0.10 


^Abstracted from Ward. C. C., "Survey of Trace Metals in Distillate Fuels," ASTM Special Technical 
Publication 531, American Society for Testing and Materials, Philadelphia, PA 19103, 1972 

§ 

°128 of the samples showed only analyses for lead and copper. o > 

^ I 

(O ^ 

*^Includes 95 samples of Navy Fuel MIL-F-24397, a heavy distillate with an allowable maximum 95 percent eg 

distillation point of 765°F, which is consequently vulnerable to carryover of vanadium in the g rn 

distillation. 
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TABLE 25 

TRACE METALS IN GAS TURBINE FUELS 
Delivered to Consolidated Edison Company of New 

A . Metals content by supplier. Original study data (May to July. 1 9 71). 



Number 

of 

Samples 

Method 

of 

Delivery 

Cu 

V 

Metals Contents, ppm 
Pb Cl 

Na 

K 




Kerosine 






Supplier A 

7 

dedicated barge 

0.03 

0.04 

0.14 

0.20 

0.67 

0.19 

Supplier C 

6 

truck 

0.01 

0.04 

0.66 

0.12 

0.43 

0.04 

Supplier 0 

4 

truck 

0.02 

0.05 

0.47 

0.15 

0.36 

0.19 

Supplier L 

1 

truck 

0.02 

0.03 

0.34 

0.21 

0.29 

0.02 


Average, all barges 


0.03 

0.04 

0.14 

0.20 

0.67 

0.19 


Average, all trucks 


0.01 

0.04 

0.56 

0.14 

0.38 

0.10 




No. 2 Oil 





, 

Supplier A 

11 

dedicated barge 

0.02 

0.03 

0.08 

0.22 

0.67 

0.14 


1 

regular barge 

0.01 

0.03 

0.17 * 

0.13 

0.27 

0.12 


Supplier A, average 


0.02 

0.03 

0.09 

0.21 

0.64 

0.14 

Supplier £ 

! 

dedicated barge 

0.U2 

< 0.03 

0.26 

0.08 

0.42 

0.03 


7 

regular barge 

0.02 

0.03 

0.37 

0.14 

0.51 

0.04 


Supplier E, average 


0.02 

0.03 

0.36 

0.13 

0.50 

0.04 


Dedicated barge, average 


0.02 

0.03 

0.09 

0.21 

0.65 

0.13 


Regular barge, average 


0.02 

0.03 

0.34 

0.14 

0.48 

0.05 


Average, all barges 


0.02 

0.03 

0.19 

0.19 

0.58 

0.10 

Supplier C 

2 

truck 

0.06 

0.04 

0.35 

0.38 

0,33 

0.03 

Supplier H 

2 

truck 

0.03 

0.05 

0.30 

0.12 

0.38 

0.23 

Supplier G 

4 

truck 

0.08 

0.10 

0.26 

0.16 

0.81 

O.PB 


Average, all trucks 


0.06 

0.08 

0.29 

0.20 

0.58 

0.10 


B . Summary -metals content, May 1971 through March 1972. 


Number 

of 


All Deliveries 

Samples 

Cu 

V 

Pb 

Ca 

Na 

K 

Kerosine 

161 

0,02 

0.03 

0.42 

0.12 

0.41 

0.04 

No. 2 Oil 

164 

0.04 

0.03 

0.26 

0.16 

0.66 

0.06 


Abstracted 
*'Experfence 
ASTM Special 
Society for 


from Del Favero, R. , and Doyle, J. J. 
with Distillate Fuels in Gas Turbines," 
Technical Publication 531, American 
Testing and Materials, Philadelphia, PA 19103, 


1972. 



115 



TABLE 26 

Summary of Grade 4 fuels 


HeatlnB oil turrey, 1979 


1 

CeograpMc dlttrlbution of heating olla Eastern region 

Southern region 

Central region 

— 
Rocky Mountain region 

Hestem region 


Districts within region 



A.B.C 

D 


E.F.C 



H,1,J,K 

L,H,N,Q,P 


Additional dlatrlcta 



E.F.C 



C.I.J 



C 




Nusiber of fuels 



4 

• 


3 



5 




Test 

ASTO 

Hlnimum Average Maxlmua 



No Analyses 

Minimum Average Maximus 

HlnimuB Average Maximum 

No Analyses 

Craslty, *API 

D287 

18.9 

22.3 29.4 


1IS.9 

20.0 

21.2 

15.5 

19.7 

29.5 



Flash point, *F 

093 

ISO 

236 

- 

ISO 

- 

240 

158 

- 

276 

- 


Viscosity at 100* F, cs 

DAAS 

8.26 

17.26 34.1 

- 

11.7 

14.0 

IS. 3 

14.4 

18.2 

23.4 

- 


Four point, *F 

D97 

-10 

80 

- 

-10 

- 

65 

-15 

• 

65 

— 


Sulfur content, wtZ 

D129 

0.47 

0.70 0.80 

- 

0.76 

0.84 

0.97 

0.59 

1.11 

1.50 

- 


Carbon rasldue on lOOZ, wtZ 

D52A 

- 

- 

- 

- 

- 

- 

0.6 

4.4 

8.8 

- 

o c 

Ash, WtZ 

D&82 

0.0 

0.012 0.02 

- 

0.01 s 

0.018 

0.02 

0.016 

0.019 

0.02 

- 

”tl p 

Hater and sediment, solZ 

D1796 

o.os 

0.07 0.1 

- 

o.os 

0.08 

0.1 

O.OS 

0.09 

0.11 

- 

iin 7 

Gross Heat of Combustion Btu/gal 

142,025 

146,474 148,640 


147,169 

147,915 

148,640 141,963 
1 

148,156 

150,834 

" 

S' 

o 


From Shelton, E. M., ''Heating Oils, 1979» '* Report No. BETC/PPS-7S/^, produced under a 
cooperative agreement between the Department of Energy (DOE), Bartlesville Energy 
Technology Center (BETC) , Bartlesville, Oklahoma, and the American Petroleum Institute (API) 
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TABLE 27 

of nrade 5 (light) fuelA 


C«es?«J*Jc iJl*trl6wglon of bmttlof oil* 
ffUtriee* within c«*ion 
tdditioiiMl district* 

Basber of iwel* , „ 


Zsstats S’tstfjoo 

*,r,e 

2 


ASW I «isl*a* i»«r*** JtotM 


CrsTity, *AK - 

rissis joist, *r 

St 100 " y, c* , 1 

St 122 * y, IvtoX ime 
Poor |oiat, *? 

Solfrr coatsar, »tZ 1 

CsrfeoB rssidw* e® iCOI, wt2 ! 

A*h, wtZ ^ 

Si*t«r sad »f*diawwt, ® 

Cross »»st of Csnbsstios, *ta/*sl 

I 


i 0.01 
0 . 0 ^ 
k 40 , 2 l 9 


0.011 

0.20 

U9,993 


Soothers ret loo 
0 


Aosljsss 


CeatrsI reziea 
l,Tfi 
C 
6 


l^ttalanai Ssersj* K**laR«j Kial** Assr^s Krrlf “ 


Westers rnio* 


12.5 

16.1 

18.0 

3.8 

i 3.3 

25.0 

160 

- 

200 

150 


2 CO 

29.6 

40.6 

51.1 

21.0 


76.0 


— 

— 

— 

— 

— 

-15 

— 

85 

30 

— 

70 

0.63 

1-24 

1.9 

0.56 

J .29 

1.9 

3.09 

6.53 

9.2 ! 

— 

as 

** 

0.0 

0,~<11 

0.02 

— 



0.0 

0-.5 

0.20 

— 



9,219 

l!iO, 4 Sl 

152.785 144,764 
1 

152,296 156,490 


X 9 Aaslpses 


^ F M “Heating Oils. 1979. Report Ho. BETC/PPS-73/^ , produced under a 







TABLE 28 

Summary of Grade 5 (heavy) fuels 


Heatlns oil aorver. 1979 


Ceotraphlc dtacrlbotioa of Hcatlos °Ua Eaitern region 
Dlatrlcta «rltliln ragioo A,B,C 

Additional dlatrlcta t 

Biaabdr of foala ; 2 


Hinlaia 


Max lam 





Sossthern reslon 
D 

1 

Central region 
E.P.C 
C 
2 

KOCK7 r90viui.a 

E.C 

3 

(1 fuel) 

— 

Klniaua Haxtem 

Klniaua Aaeraga Kaxlataa 


Heatarn rcstoo 
L,H,W,0,P 


Ccaaity, ’API D287 16.A 18.4 18.1 16.4 23.1 1/./ 21.1 zi.i ii.i la 

Plaah point, *P D93 170 200 180 170 176 1*5 - 200 192 

Vlacoalty^^ y, ea D**5 91.7 113.0* 500 91.7 133 1**.3 155.6 79 1 

at 122* r, Ptttol a*e 1»88 - - - 3* « 

Pour polatw *P 097 * ” *20 0 0 90 

Sulfur contsnc, *tX 0129 0.90 0.95 1.78 0.7 0.90 0.7 1.27 2.23 ** 

Carbon realdm on IOCS, wt2 052* *.6 _ _ - 3.51 6.« 6c 

Aah, atX 0*82 0.018 0.0285 - - 0.03 0.02 0.0 

Water atal aadlatent, *ol2 01796 0.05 0.1 0.05 0.1 0.05 0.1 0. 

Groaa Beat of CoatbuaClon, Btu/£.al 1*8,962 150,251 i*9,026 1*5,962 150,251 1*5,962 1*7,218 1*9,412 148,962 151,3 

I 1 II 

From Shelton, E. M., "Heating Oils, 1979,*' Report No. BETC/PPS-79A, produced under a 
cooperative agreanent between the Department of Energy (DOE), Bartlesville Energy 
Technology Center (BETC) , Bartlesville, Oklahoma, and the Anerlcan Petroleum Institute (API) 


150,251 j45,962 147,218 149.412 148,962 151,343 153,699 


G g" 

t" 




aa««»"Wrv<T:v»tiw*» •» 


V 


TABLE 29 

SusHBary of Grade 6 fuels 


Hentiag oil »urvcy. 1979 




T 


C«otraphlc distrlbutioa of hootins oils Eostoro r«|(loa 

Souths ra r«sloo 

Ceotrai region 

Xockjr Moimtala cegloa 

Utfttem region 

Dlscrlcts iiithiD region 



A,B,C 


0 



E,F,G 



K.I.J.K 


L.M.b.O.P 


Mdlcionel dtetrlcce 



0,B,F,G 


A,B,C,C 



B,C,D,H,J,0 



E.r.c.o 



5.J 


Kuebcc oS fuel* 



29 ! 


23 



21 



9 



21 


Teat 

ASTM 

ttlnlauB Average Kazlata 

tUniauB Average Baalaum 

KlQlaie 

■ Averege Kaziaiai 

Hlslaui Average Kaxlaiai 

Klnlauai Average Ksxlaua 

Gravity, ’An 

0267 

9.6 

15.0 24.5 

1 8.4 

13.6 

22.6 

5.7 

13.2 

19.7 

1.6 

11.3 

19.6 

-4.5 

13.3 

23.5 

Flaeh point, *F 

093 

170 

33a 

‘ 176 

- 

246 

152 

- 

250 

160 

- 

350 

168 

- 

240 

Viscosity at 122* F, Fnrol sec 

DBS 

26.3 

177.0 3tU 

21.3 

202.2 

488.2 

23.6 

194.6 

360 

72 

149.7 

292 

30 

152.9 

306 

Pour point, *F 

D97 

5 

95 

10 

- 

90 

IS 

-* 

65 

15 

- 

90 

15 

- 

85 

Sulfur content, wtS 

0129 

0.23 

1.30 3.0 

0.32 

1.65 

3.0 

0.49 

1.53 

2.9 

0.9 

1.59 

2.9 

0.19 

1.27 

3.1 

Carbon residue on tOOZ, utZ 

D32A 

0.34 

6.66 11.11 

3.7 

6.68 

10.9 

0.88 

8.46 

16 

6ol9 

12.2 

17.2 

3.8 

8.07 

11 

Ash, KtZ 

M62 

0.00 

0.036 0.19 

0.002 

0.024 

0.07 

0.00 

0.029 0.077 

0.0 

0.031 

0.06 

0.001 

0.034 

0.09 

Uatsr by distlllstlea, volZ 

095 

0.0 

0.05 0.2 

0.0 

0.06 

0.4 

0.00 

0.08 

0.2 

0.00 

0.05 

0.1 

0.0 

0.06 

O.l 

Badteant by extract'lon. wtX 

0473 

0.001 

0.07 0.25 

0.0 

0.04 

0.1 

0.01 

!0.08 

0.3 

0.01 

0.02 

0.07 

0.01 

0.05 

Q.18 

Cross Beat of Combustion, >tu/gal 

1 

145,079 

151,160 154.550 146,152 
1 

152.055 

155,468 146,127 

152,325 157 

,241 146.191 
1 

153,552 159.935 145.710 

152.151 163,922 


'From Shelton, E. K., "Heating Oils T' ' Report No. BETC/PPS-79A, produced under a 

cooperative agreonent between the !?' ' ent of Energy (DOE), Bartlesville Energy 

Technology Center (BETC) , Bartlesvi , Oklahoma, and the American Petroleum Institute (API). 


OF. POOR QUALITY 


TABLE 30 

Summary of Type S-M fuels 


Olaw! Itfl aurvir. nn 


G•o 9 rap^ic «i»trlbution of tfloMl fwoli 
Districts aitniM region 
Mditlonal districts 
Masbor of fuels 

Eastern region 
A,6,C 

E.r.c I 

Sovtharn region 
0 

4 

Central region 
e.F,6 

c 

5 

Aocky Msieiteln region 

Mastarn region 
L.H.II.O.F 

5 

Tost 

ASTM 

II iMl) 

Mlnietaa Average 

MMleya 

Nlnlai* Average Mialaui 

(Ito Analyses) 

Mlntama Average Maslmei 

OrovitT, *API 

D2B7 


25.6 

29.6 

59.1 

55.0 

54.9 

57.8 

« 1 

55.4 

58.5 

47.1 

Flash peiof, *F 

D93 

- 

152 

• 

254 

146 

. 

198 

.. 

120 


212 

Color, ASIW 

DIWO 

• 

L0.9 

• 

1.0 

1.5 

_ 

L2.0 


0.5 

_ 

10.5 

Viscosity at 100* 7; 
Rinanatic, cs 

D««5 

_ 

2.40 

7.02 

20.1 

2.57 

2.99 

2.70 

1 

1.45 

5.01 

4.0 

Saybott Uaivorsai, soc. 

oas 

- 

54.0 

48.9 

90.2 

55.9 

54.6 

55.0 

- 


56.0 

59.2 

Cloud point, *F 

02S00 

- 

6 

• 

10 

-2 


2 

• 

•* 


46 

PoiT point, *F 

D97 

“ 

-10 

- 

65 

-15 

- 

0 

- 

-to 

- 

10 

Sulftr content, «tf 

0179 


0.15 

0.72 

2.45 

0.26 

0.28 

0.50 

_ 

0.02 

0.10 

0.17 

Anitino point, *F 

D6I1 

- 

105 

116 

129 

155.0 

144.0 

155.0 

. 




Carbon residua: 
on tOS, vtf 

0974 


0.014 

0.090 

0.060 



0.15 


0.05 

C.06 

0. 10 

on tOOf, 


- 

- 

• 

0.59 

- 

• 






Ash, off 

0«S7 

- 

0.000 

0.001 

0.002 

0.000 

0.0007 

fiUOOl 

_ 

O.DQOO 

0.0005 

0.001 

Cotana fnjsbar 

0615 

- 

52.5 

56.4 

40.4 

_ 


• 




49 

Catmo indaa 

0979 

- 

» 


54.4 

45.2 

46.6 

55.2 

1 • 

55.1 

54.8 

56.9 

Distillation taap, *F 
voliaao racovarad: 
\tf 

006 


570 

599 

418 

590 

56* 

570 




590 

lOf 


- 

416 

446 

478 

41, 

471 

424 

. 

559 

459 

478 

3QS 


- 

494 

510 

550 

1 490 

499 

505 

• 

412 

498 

990 

aoj 


- 

575 

594 

604 

580 

999 

590 

. 

486 

500 

699 

End point 


■ 

655 

649 

662 

618 

C55 

*45 

“ 

521 

621 

690 


tO "ig 

Cm* 

^ © 

B-'3 




e.3 


From Shelton, E. M., "Diesel Fuel Oils. 1979," Report No. BETC/PPS-79/5, produced under a 
cotspefative agreement between the Department of Energy (DOE), Bartlesville Energy^ 

Technology Center (BETC), Bartlesville, Oklahoma, and the American Petroleum Institute (API). 


TitBUsSI 

rmcAL awBEs 5 md 6 jvzl igng xa mg uirrrg) stws 


Grwrity: “^API 

Seawltyj li.y^.S. Gal. at ik)*P. 
Vlscoiitjr, SUY: Sec. 

130 

210 

Trt»cc«ltr» yorol: Sec. 

322*7. 

lOaah, S»-M: *7. 

TleA, OC: •?. 

Fire, CC: *7. 

Poor Pointi *7. 

Waxlfliei 

Miniaes 

Salftn-r $ ij- Vt. 
l&ter by piat'n. , AS 3 M E95 
Water and SedlaectJ i by Tol. 
Sediaent, ASTK D!» 73 : by ift. 

Carboa Bealdue, Con. : J by Mt. 
Carbon-^ydrogea Batio 
Hitrcgen: < by Vt. 

Alb, ASn< 3J!>82: < by Wt. 

Tuaion Toint, 1000*7., A*; *7. 

SpectroBrajiiic Aaalyals: 7W 
Aluxias 
Bsrliat 
Baron 
Calcita 
dircElae 
Ccsbelt 
Coj^cr 
Iron 
Lead 

X>gnesi» 

Hai^anece 

Molybdenta 

Kiacel 

Ibtaisim 

Silicco 

SilTer 

Sodiiis 

Strontioa 

Tin 

Titasiiaa 

Tanadlias, {9H SCQ 
Zinc 

Heat of Cortbsiiticai, Calcolated 
STU/lb. Gross 
BIU/GbI. Gross 


Midaerb 

6 , 

3.6 

8.723 

186.3 

86.2 

to.5 


225 

335 

too 

+to 
+35 
1.U6 
< 0,1 
< 0.05 

O.O!* 

3.29 

11.0 

o.ot 

> 1500 ' 

Bo 


2 

0.06 

0,06 

10 

h 

0.5 

1-3 

0.7 

li» 

7 

0,5 


17,9M» 

156,526 


Hast Coast 

Golf Coast 

„ ,Jb. 5 

Ko. 6 

Ho. 6 

Ho. 6-l< 

9-1 

25.1 

13-7 

26.4 

8.382 

0.O3B 

8.116 7.96: 

200 

2505 

**794 

8606 

97,1 

8lS 

1462 

ito6 

h3.5 

122.0 

193.3 

166.5 

- 

1D9,^^ 

190.7 

200 

205 

220 

210 

190 

295 

300 

320 

320 

335 

360 

395 

345 

♦ID 

♦^5 

+25 

■•65 

+5 

+to 

♦20 

♦to 

0.81 

0.78 

2,05 

0.B5 

<0.1 

< 0.1 

< 0.1 

< 0.1 

< 0.05 

< 0.05 

0.10 

0.10 

0.02 

0.02 

0.01 

0.02 

%,2*» 

8.05 

11.4 

7.50 

9.6 

7.8 

6.0 

7.6 

— 

0.33 

- 


0.01 

0.02 

0.03 

0.01 

>1500 

> 1500 

> 1500 

> 1500 

15 

15 

5 

6 

0.6 

- 

3 

1 

— 

- 

- 

0.02 

2 

10 

to 

4 

0.2 

0.5 

0.8 

0.09 

1 

3 

1 

2 

0.03 

0.07 

0.1 

0.04 


7 

20 

10 

0.5 

- 

50 

1 

2 

20 

15 

1 

0.3 

0.7 

0.5 

0.2 

- 

0.2 

0.3 

- 

5.7 

25 

IB 

9.3 

0.3 

o.% 

0.4 

0.03 

ID 

ID 

5 

6 

- 

0.01 


■V 

% 

6 

6 

8 

0.2 

0.6 

0.7 

0.4 

0,6 

4 



O.h 

0.8 

0.3 

0.2 

2.3» 

20 

20 

5.2 



10 

- 

18,358 

18,858 

l8,4oo 

18,713 

153,877 151,580 

149,334 

149,016 


Vest Coast 


Carlbbaaa African 


12.4 

14.7 

21.3 

8.189 

8.060 

7.712 


4517 

1570 

1462 

3261 


175.2 

161.0 ' 

- 

200 

169.9 

72-9 

154 

220 

240 

290 

305 

- 

335 

340 

- 

+45 

♦20 

+«! 

+35 

+15 

- 

1.73 

a.iB 

0.48 

<0.1 

0.1 

- 

O.ID 

0.05 

0.10 

0.01 

0.01 

0.02 

11.2 

ID.9 

7.2 

8.1 

7.6 

- 

0.92 

0.44 

0.31 

0.03 

0c05 

0.01 

>1500 

2196 

- 

2 

8 

7 

0.4 

- 


— 

• 

_ 

o.E- 

6 

10 

0.2 

0.2 

0.4 

3 

- 


0.07 

0.01 

0.1 

4o 

3 

3 


- 

2 

0.2 

2 

ao 

0.5 

- 

0.5 

0.2 

0.7 

0,6 

102 

58 

42 

o.z 

0.3 

3 

3 

2 

3 

0.01 

0.04 

0.01 

0.9 

15 

50 

0.2 

0.9 

0.9 

• 

- 

5 

0.7 

2 

0.5 

60 

179 

16 

• 




o o 

■n g 
T3 

O ‘ > 

c 

c; rs 


lB,2l»3 

1*9,392 


l8,to6 

1*s8,352 


19,006 

1*>6,571 


jflB, r 32 ORIGINAL PAGE IS 

TRACE METALS IN CRUDE OILS* POOR QUALITY 

(Samples showing approximate highest and lowest values) 



No. of 

API 

ppm of metals 


Source 

Samples 

Gravity 

V 

Ni 

Others 

Middle East 

45 





Abu Dhabi 


37.1-38.9 

nil-1.5 

0.43 

- 

Belayim, Egypt 


26.7 

120 

71.9 

58 Fe 

Venezuela 

95 





San Joaquin 


45.5-45.9 

0.3-0. 6 

0.1-0J4 

1.1 Ne 

Boscan 


9.8-10.6 

1100-1150 

100-150 

6-60 Fe 




1200-1400 



Cali -fornia 

34 





Wheeler Ridge 


35.0 

7 

1.9 

2 Na 

Nicolai 


- 

246.5 

- 

- 

Texas and Louisiana 

36 





Conroe, Texas 


37.6 

0.008 

Trace 

2.18 Na 

Heidelberg Eucutta, 






Mi cc , 


22.5 

15.35 

d.u2 

38.6 Na 

U.S. , Other 

31 





Lost Soldier, Wyoming 


34.0 

0.56 

0.72 

- 

Tatums, Oklahoma 


22.0 

110.0 

53.0 


World, Other 

37 





Bui garian 


19.2 

0.04 

0.4 

66 Fe 

Zarzaitine, Libya 


40.7-41.8 

0.2-1. 5 

- 

4.8 Na 

Rhodener, Germany 


32 

176 

29.1 

35.8 Fe 

Total 

278 





♦Abstracted from Nelson, 

W. L., "How much metals in 

crude oil?" 

The Oil and 


Gas Journal, Aug. 7, 1972, p. 48-49. The 900°+F residue might contain 1.5 to 
10 times the concentrations shown for crude oils; the lighter crudes showing 
the greatest increases in concentration because of the higher percentage of 
distillate boiled off. 
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TflibXt 33Typlotl Prop«rti«i of RoBldUkl Fuels 
Before end After HDS prooeaslng*'* 


IteeV; 


■«et of CSoebt Itu/XA 
Ry4ros«ei Wc X 
Cerboai Vt X 
Four Voifiti *F 


Chca Cooit 


«cr/B 


-xweit (sa*r^ 


■ ■ ■ ■ Aleslcea.yorth Slope 

Put Xlvet M0*r-«-* Set Elver itO*n 


IDS Tff 

mtreetei 

XX 

XXI 

XV 

•Ibitraeced 

XX 

Datreeted 

XXX 

Fraduet Tisldt Vel X 


00.4 

07.9 

07.1 

- 

•7.7 

- 

96.1 

Froduot Freferties 









CuS FoleCO *Ff 

•SO 

•SO 

175 

575 

••0 

•50 

•so 

•50 

OravUFi *AFX 

16.6 

20.0 

25.4 

2*.l 

15.9 

20.9 

16.1 

22.0 

/lulfuri Vt X 

5.1 

1.0 

0.5 

0.1 

1.59 

0.50 

1.45 

0.10 

Cerboa keel Vt X 

0.0 

S.ll 

5.55 

2.75 

7.5^ 

5.7* 

5.20 

1.17 

BiCroieni Vt X 

0.22 

o.ii 

0.15 

0.00 

0.10 

0.00 

0.10 

0.07 

Mickeli fF<b 

15.0 

*.• 

1.5 

0.* 

U.« 

4.5 

7.0 

1.5 

Vantdluas pp« 

*5.0 

1.2 

2.2 

1.0 

27.4 

4.0 

54.5 

1.5 

Tiacosltyi OOF <210*F) 

250 

107.5 

52 ‘ 

45 

157.0 

79.1 

Itl 

55.1 

Aehi VC X 

0.02 

0.00* 

0.005 

0.005 





Beltl^ fP* 

**.9^ 

0 

0 

0 






10,110 10,250 10,575 


12.1 

• 06.7 

•HO 

*07 


12.S 

•7.1 

•t-SS 

•65 


12.7 

•7.1 

0 

012 


X60 


‘55* 


^Trpleel, Eafore deseltleg 

ConveraloQ rectorel *C •> (*F>52)/1.I. kJ/ks • ktu/lb s 2.526, • OCT/lbl « 0.170 

*Salt refers to all water-soluble cations, determined as halide and reported as NaCi 


**From Amero, R. C., Silver, R. S., and Yanik, S. J., "Hydrodesul furized Residual 
Oil as Gas Turbine Fuels", ASME Paper 75-WA/GT«8 from ASME Winter Ann’ual Meeting, 
Houston, Texas, Nov. 30-Dec. 4, 1975 


TABLES AND FIGURES 


FOR 

1.2 COAL LIQUIDS AND SHALE OIL 
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ORSGIJ'JAL PAGE 
OF POOR QUALITY 


Table A1 

PROPERTIES OF SRC-II FUEL OIL FRACTIONS 


if 

J * 


Mi ddl e 

Heavy 

1 

’1 

i; 

Compositi on: 

Distillate 

Distillate 

)£ 

Hydrogen, Wt. % 

8. 9-9. 3 

7. 2-7. 7 


Sulfur Total, Wt. % 

0.2 

.37-. 47 

ii 

■t 

Nitrogen Total, Wt. % 
Hydrocarbon Compositional Anal. 

0. 8-1.1 

1.2-1. 4 

''' 

Ash, Wt. % 

<.001 

.03-0.1 


Ash Melt Temperature, “F 
Aromatics Type: 

NA 

NA 


Aromatics Total, Vol. % 

65-65 

NA 


Saturates 

35-40 

NA 


Olefins 

NA 

NA 


Naphthalenes 
Carbon Residue: 

14-19 

U A 

NM 


On 10% Wt. % 

<1.2 

- 


On 100% Wt. % 

- 

<1.2 


Water & Sediment, Vol % 
Volatility: 

Distillation Temperature, Volume 
Recovered, “F — max. 

NA 

NA 


Initial Boiling Point 

338-396 

538-554 

n 

10% 

386-406 

568-584 

1 

50% 

425-444 

640-656 


Final Boiling Point 

483-500 

928-939 


Residue 

1.0 

- 

i 

Flash Point, ®F 

>160 

>180 


Gravity, “API 
Fluidity: 

13.6-14.0 

0. 4-1.0 

' 

Pour Point, “F 
Viscosity at 100“F: 

<-45 

+15-+45 


Kinematic, cS 

3. 1-3. 4 

49.6-90 

t 

Saybolt Universal, Sec. 
Combusti on: 

36.3-37.3 

342-418 


Net Heat of Combustion, Btu/lb 
Thermal Stability: 

16,900 

17,000 



NA 

NA 

H 

i: .. 

. . . 125 




ORIGINAL PAGE IS 
OF POOR QUALITY 


Table B1 

H-COAL YIELD STRUCTURES: EFFETS OF PROCESS CONDITIONS AND COAL TYPE 


Column No.: 

A 

B 

C 

D 

E 

Reference: 

1 

1 

2 

5 

5 

Process Severity 

Lo 

Hi 


Hi 

Hi 

Coal Type: 

111 . 

111 . 


111 . 

Wyodak 

Normalized Product Distribution 






C 1 -C 3 Hydrocarbons 

10.7 

5.4 

9.4 

6.5 

9.5 

C4-400“F Distillate 

17.2 

12.1 

25.2 

29.0 

48.5 

400-650“F Middle Distillate 

28.2 

19.3 

12.9 

42.7 

39.1 

650-975®F Heavy Distillate 

18.6 

17.3 

13.3 

21.8 

2.9 

975“F+ Residual Oil 

10.0 

29.5 

22.9 

( 100 ) 

( 100 ) 

Unreacted Ash-Free Oil 

5.2 

6.8 

6.8 



HgO, NH 3 , HgS, CO, CO 2 

15.0 

12.8 

14.3 



Total (100.0 + H 2 Reacted) 

104.9 

103.2 

104.7 



Hydrogen Consumption, SCF/Ton 

18,600 

12,200 





(a) refers to Syncrude processing conditions; "Lo" refers to fuel oil 

maximizing processing conditions. 
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PROPERTIES OF H-COAL PRODUCTS 


Sanple 

Reference: . . 

Process Severity'^': 
Coal Type: 

Process Stream'^': 


A 

B C 

D 

E 

F 

G 

H 

1 

3 

3 4 

4 

4 

5 

5 

5 

5 

Raw 

Upgraded NA 

NA 

NA 

Hi 

Hi 

Hi 

Hi 


Bituminous 



Illinois 

Illinois 

Wyodak 

Wyodak 


Various Fractions of MD 

and HD 



HD 

HD 

HD 


Composition: 


Hydrogen, Wt. % 

10,3 

10.7 

Sulfur Total, Wt.% 

0.03 

<0.01 

Nitrogen Total, Wt.i 

0.40 

0.30 

Hydrocarbon Compositional Anal. 
Ash, Ht. % 

NA 

NA 

Ash Melt Temperature, “F 
Aromatics Type: 



Aromatics Total, Vol. % 

65 

40 

Saturates 

— 

.... 

Olefins 

— 


Naphthalenes 
Carbon Residue: 

— 

— 

On 10% Wt. % 
On 100% Wt. % 



Water & Sediment, Vol % 

— 

— 


Volatility: 


11.19 

0,16 

0.16 

11.38 

0.13 

0.16 

10.03 

0.09 

0.33 

9.7 

0.18 

0.42 

7-6 

0.22 

1.01 

10.5 

<0.07 

0.22 

8.1 

0.13 

0.70 

<.01 

<.01 

<.01 





29.0 

34.0 

43.0 



2 o 
^ 2 


0.01 

0.05 

0.08 



~a o 
o ^ 

lO "□ 

c > 
> a 
n. 



:is 


Distillation Temperature, Volume 
Recovered, — max. (D86) 
Initial Boiling Point 

m 

50% 

Final Boiling Point 
Residue 

Flash Point, °F 
Gravity, “API 


400 

500 

220 

236 

352 

400 

650 

400 

650 

500 

650 

485 

505 

634 

650 

975 

650 

975 

200 

270 

12.0 

30.4 

<75.0 

30.0 

145.0 

18.4 

17.5 

5.0 

24.1 

9.6 


Samples number A, B, - bear no relation to column headings A, B, in Table Bl. 

(b) “Hi" refers to syncrude processing conditions; "Lo" refers to fuel oil maximization 

"MD": middle distillate; "HD": heavy distillate 


Table B2 (Continued) 
PROPERTIES OF H-COAL PRODUCTS 


i 


Sample No.: 
Reference: 

A 

3 

B 

C 

A 

D 

A 

E 

M 

F 

G 

H 

I 

Process Severlty^^^: 
Coal Type: 

Raw 

Upgraded 

NA 

4 

NA 

4 

NA 

5 

HI 

Illinois 

5 

HI 

Illinois 

5 

HI 

Wyodak 

5 

HI 

Wyodak 

Fluidity: 










Pour Point, “F 

-90 

-50 




-100 

86 

-30 


Viscosity at 100*F: 




90 

Kinematic, cS 



0.60 

0.62 

0.99 





Say bolt Universal, Sec. 





41 

(163) 

35.1 

(97) 


Combustion: 


Net Heat of Combustion, Btu/lb 

Gross Heat of Combustion, Btu/lb 18,100 18,300 18,810 18,723 

Thermal Stability: 

JFTOT, Breakpoint Temperature, ®F — 

(TDR,13; P, 25 mm) 


(b) 


"HI" refers to syncrude processing conditions; "Lo" refers to fuel oil maximization 


u 

o 

o 

33 

lO 

c 

> 


c 

X 

Q 

z 

> 

r“ 

•D 

> 

Q 
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PROPERTIES OF EDS 


Naphtha 

C5-400“F 



Raw 

P/H 

Composition: 

Hydrogen, Wt. % 

12.2 

13.4 

Sulfur Total, Wt.% 

1.0 

0.007 

Nitrogen Total, Wt.% 

0.2 

0.01 


Hydrocarbon Compositional Anal- 
Ash, Wt. % 

Ash Melt Temperature, “F 
Aromatics Type: 

Aromatics Total, Vol . % 
Saturates 
Olefins 
Naphthalenes 
Carbon Residue: 

On 10% Wt. % 

On 100% Wt. % 

Water & Sediment, Vol % 

' Volatility ; 

Distillation Temperature, Volume 
Recovered, °F — max. (D86) 
Initial Boiling Point 
10 % 

I 50% 

Final Boiling Point 
Residue 

Flash Point, *F 
Gravity, °API 


Ref. C2, p. 152 / fb) 


Ref. C2, p. 155-156 


i/I 


•* » 


FR0I*1 ILLINOIS NO. 6 COAL® 


Middle Distillate 

Heavy Distillate 
Vacuum 

Coker 

Full Range^ 

Sol vent 

Gas Oil 

Liquids 

Fuel Oil Blend 

400-700“F 

700-100“F 

1000®F+ 

400-1000'»F 

Raw P/H 

Raw 


Raw 


8.9 

10.3 

6.5 

6.0 

8.4 

0.3 

0.002 

1.3 

1.2 

0.6 

0.3 

0.03 

1.4 

1.5 

0.7 



0.1 

1.4 

0.027 



Table Cl (Conti r led) 




PROPERTIES OF EDS FRACTIONS FROM ILLINOIS NO. 6 COAL® 




Middle Distillate 

Heavy Distillate 





Vacuum 

Coker 

Full Range*^ 


Naphtha 

Sol vent 

Gas Oil 

Liquids 

Fuel Oil Blend 


C5-400“F 

400-700°F 

7G0-100“F 

1000*F+ 

400-1000°F 


Raw P/H 

Raw P/H 

Raw 


Raw 

L 

f Fluidity: 






Pour Point, “F 
Viscosity at 100“F: (210“F) 

<-70 <-70 

-5 

190 

270 

20 

Kinematic, cS 
Saybolt Universal, Sec. 

0.9 

4.3 3.0 

(100) 

(>1000) 

21 

Combustion: 






Net Heat of Combustion, Btu/lb 





17,314 

Thermal Stability: 






^ ^ JFTOT, Breakpoint Temperature, “F 
o (TOR, 13; P, 25 irm) 






Specific Gravity 60/60“F 

0.82 0.79 

0.96 0.95 

1.2 

1.5 

1.040 


Ref. C2, p. 152 / Ref. C2, p. 155-156 


2 o 

-n 2 
■O Q 

R 2 

2 

r 
O *0 


c 

> 


Q 

PH 


Table C2 


PR OPERTIES OF EDS FRACTIONS FROM HYODAK^ COAL^ 

Middle Distillate Heavy Distillate 






Vacuum 

Full Range 



Naphtha 

Sol vent 

Gas Oil 

Fuel Oil Blend^ 



IBP-350"F 

350-650"F 

650-1000T 

350-1000"F 


Raw 

P/H 

Raw 

Raw 

Raw 

Composi ti on ; 






Hydrogen, Wt. % 

11.95 

12.17 

10.22 

7.13 

8.13 

Sulfur Total, Wt.l 

0.11 

0.006 

0.03 

0.13 

0.10 

Nitrogen Total, Wt.% 

0.11 

0.07 

0.27 

0.98 

0.48 

Hydrocarbon Compositional Anal. 
Ash, Wt. % 

Ash Melt Temperature, “F 
Arcffliatics Type: 




0.03 


Aromatics Total, Vol. % (FIA) 

Saturates 

01 ef i ns 

Naphthalenes 

23.7 

36.8 

64.2 



Carbon Residue: 






On 101 Wt. Iq 
On 1001 Wt. 1 

0 

0 

0.06 

17.2 

2.85 

Water 4 Sediment, Vol 1 


.05 

0.10 

0.05 

0.08 

Volatility: 






Distillation Temperature, Volume 






Recovered, ®F — max. (086) 






Initial Boiling Point 
101 
501 

Final Boiling Point 
Residue 






Flash Point, “F 


73 

152 

435 

158 

Gravity, "API 

40.95 

41.5 

20.6 

1.15 

5.7 


Hyoming; subbituminous / (b) 

Ref. 3, p. 413 

(c) 10.^ 350-400°F, naphtha, 25.51 excess solvent, 63.61 vacuum gas oil (Ref. p. 103) 


ORIGINAL PAGE IS 
OF POOR QUALITY 


oc I, 




F 


Fluidity: 

Pour Point, “F 
Viscosity at 100®F: 

Kinematic, cS 
Saybolt Universal, Sec. 

Combustion : 

Net Heat of Combustion, Btu/lb 
Thermal Stability: 

JFTOT, Breakpoint Temperature, “F 
(TDR,13; P, 25 mm) 


Table C2 (Continued) 

PROPERTIES OF EDS FRACTIONS FROM WYODAK^ Coal‘d 


Middle Distillate Heavy distillate 


Naphtha 

IBP-350°F 

Raw P/H 

Sol vent 
350-650°F 
Raw 

Vacuum 
Gas Oil 
650-1000“F 
Raw 

Full Range 
Fuel Oil Blend^ 
350-1000*’F 
Raw 

-35 

-35 

115 

+45 

0.43 

0.82 

385 

2.3 




O O 
*n 2 
Q 

O 33 
S3 P 

<0 "0 

r rn 
m 


fal 

! ' Wyoming; subbitumlnous 
Ref. 3, p. 413 

10.9% 350-400°F naphtha, 25.5% excess solvent, 63.6% vacuum gas oil (Ref. p. 103) 


Jr 


Table C3 




EDS SAMPLES USED IN GAS TURBINE COMBUSTION TESTS' 



(A) 

(B) 



EDS Sample Submitted 

350-650“F 



for Gas Turbine Combustor 

Fraction 



Test 

From (A) 

Composition: 




Hydrogen, Wt. %, 


9.95 

10.16 

Sulfur Total, Wt.% 


0.031 

0.02 

Nitrogen Total, Wt.% 


0.081 

0.044 

Hydrocarbon Compositional 
Ash, Wt. % 

Anal . 

0.001 

0.001 

Ash Melt Temperature, “F 
Aromatics Type: 




Aromatics Total, Vol. % 
Saturates 
01 ef i ns 
Naphthalenes 


48. 4*^ 

46.8 

Carbon Residue: 




_ On 10% Wt. % 

w On 100% Wt. % 


.03 

.03 (10% btms) 

Water 4 Sediment, Vo1 % 




Volatility: 




Distillation Temperature, 

Volume 



Recovered, “F — max. 

(D86) 



Initial Boiling Point 
10% 


312 (5%) 

409 (5%) 

50% 


- 


Final Boiling Point 
Residue 


695 (95%) 

602 (95%) 

Flash Point, “F 


100 

122 

Gravity, “API 


16.0 

17.1 


Ref. C3, p. 416 
(b) % aromatic ring; by NMR 
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Table C3 {Continued) 

EDS SAMPLES USED IN GAS TURBINE COMBUSTION TESTS^ 


(A) (B) 

EDS Sample Submitted 350-650“F 

for Gas Turbine Combustor Fraction 

Test From (A) 

Fluidity; 

Pour Point, "F <-36 <-36 

Viscosity at 100°F: 

Kinematic, cS 2.7 2.34 

Saybolt Universal, Sec. 

Combustion: 

Net Heat of Combustion, Btu/1?~ 

Gross Heat of Combustion, Btu/lb 18,340 18,400 


Thermal Stability; 

JFTOT, Breakpoint Temperature, ®F 
(TDR,13; P, 25 mm) 


CO 


3 s 

n 2 
o o 


O -0 

c > 


4 


m 


(a) 


Ref. C3, p. 416 


FIGURE Al. THE SRC-II PROCESS 


LIQDEFACTICg? RE^TEOR SECTIOH 

Coal-solvent laizliig reaction 
with in reactor 


i 

I 

t 


SEPARATIOHS AHD HTDROGES GENERATICBt SECTIOH 

Flash separation of gases 

Dis tilL'ition of liquid product fractions 

Separation of solids 

Production gasification of bottoas slurry 


o; 



Liquid products 
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Bl, THE H-COAL PIUXIESS 


SEPARATIOSS AH3 HYDHOGEH GEHERATIOK SECTION 


Flash separation of gases 
Distillation of liquid product fractions 
Separation of solids 
H„ production Osethod unspecified) 



Fuel Gas 

By-Product S 

Naphtha 

Middle Distillate 

Heavy Distillate 
Bottoias to Disposal 


O O 
nt X 

"0 © 

O > 
30 r- 

C 

3m 


Liquid 

Products 





lOONOR SOLVENT PROCESS (EDS) 


SEPARATIONS AND HYDROGEN GENERATION SECTION 

Plash separation of gases 
Distillation of liquid product fractions 
Separation of solids 
production* 


Separa- 


tions 


Section 











Puel Gas 

By-Product NH^, S 
Naphtha 

Middle Distillate 

Heavy Distillate 

Bottoms Slurry or 
Inert Slag 


"raw” liquid 
products before 
solvent hydro- 
genator ("MPSS") 




Partially hydrotreated 
liquid products after 
“ solvent hydrogenator 

("P/H" in Table Cl and C2; 
"Hydrotreated MPSS" in Table C3) 
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TABLES AND FIGURES 


FOR 

1.5b SO^ EXHAUST GAS CLEANUP 


Table I 


CURRENT GAS SOy REMOVAL REQUIREMENTS 


Basis: 

Fuel Oil Cleaned to 

0.5% S 


Emission 
Standard 
Equivalent 
%S in Fuel 

% SOg 

To be Removed 
from Exhaust 
Gas 

EPA, September iO, i960 

0.8 

0 

California State 

0.5 

0 

New York State 

0.3 

40 

New York City 

0.2 

60 

Other States 

fO.5 

0 




\) 
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Table II 

CHARACTERISTICS OF COMMERCIAL FGD PROCESSES 


Process 

Primary Removal Agent 

Regenerable/ 

Throwaway 

Principal Sulfur 
Product 

Operational 

Mode 

-i me/Li mes tone 

Lime or Limestone 

Throwaway 

CaSO^ 

Wet 

Alkaline Fly Ash 

Alkaline Fly Ash 

Throwaway 

CaSO/j. 

Wet 

Sodium Carbonate 

Sodium Carbonate 

Throwaway 

NagSOj 

Wet 

)ouble Alkali 

Sodium Hydroxide 

Regenerable 

CaSO^ 

Wet 

)ilute Sulfuric 
Acid/Gypsum 

Sulfuric Acid 

Regenerable 

CaSO/^ 

Wet 

lagnesium Oxide 

Magnesium Oxide 

Regenerable 

SO2 

Wet 

Wei Iman-Lord 

Sodium Sulfite 

Regenerable 

SO2 

Wet 

Spray Drying^^^ 

Lime or Sodium Carbonate 

Throwaway 

CaSO^/CaSO^ 

Dry 





t\3 


Table III 

CHARACTERISTICS OF ADVANCED FGD PROCESSES^^^ 


Process 

Sulfur Oxide 
Primary Removal Agent 

Regenerabl e 

Form of 

Primary Sulfur Product 

Operati onal 
Mode 

Agglomerating Cone 

Phosphate Rock Slurry 

No 

Fertilizer 

Wet 

Alii ed/Wel 1 man-Lord 

Sodium Sulfite 

Yes 

Sul fur 

Dry 

Ammonia Scrubbing 
Basic Aluminum Sulfate 

Aimonium Solution 

Yes 

Sul fur 

Wet 

- Qypsum 

Aluminum Sulfate 

Yes 

Gypsum 

Wet 

Catalytic Oxidation 

Vanadium Pentoxide 

Yes 

H2SO4 

Dry 

Citrate 

Citric Acid 

Yes 

Sul fur 

Wet 

Copper Oxide (Shell) 

Copper Oxide 

Yes 

SO2 

Dry 

Dry Adsorption 

El ect rol y ti c Regenerati on 

Activated Carbon 

Yes 

Sul fur 

Dry 

(Stone & Webster/Ionics) 

Caustic Soda 

Yes 

H0SO4 

Wet 

Manganese Oxide 

Manganese Oxide 

Yes 

w *T 

SO2 

Dry 

Aqueous Carbonate 

Liquid Carbonate 

Yes 

H2S 

Wet 

Nahcolite Injection 

Nahcolite Ore 

No 

NaoSOii 

Dry 

Organic Absorbent 

Glyoxylic Acid 

Yes 

SOo 

Sulfur 

Wet 

Potassium Thiosulfate 

Sulfates, Sulfites 

Yes 

Wet 

Phosphate 

Phosphate Buffer 

Yes 

Sul fur 

Wet 


T3 E5 

r\ --- 


c 

< ca 


Table IV 

PROJECTED COMMERCIAL AVAILABILITY OF ADVANCED PROCESSES^^^ 


Time Frame 
Current 

1980-82 


1982-1983 


1983-1984 


1986-1988 


Process 


A1 1 1 ed/Wel Iman-Lord 
Dry Scrubbing 

Ammonia Scrubbing 

Basic Aluminum Sulfate - Gypsum 

Dry Adsorption 

Agglomerating Cone 
Catalytic Oxidation 
Citrate 

Copper Oxide (Shell) 

Aqueous Carbonate 
Nahcolite Injection 
Phosphate (Aquaclaus) 

Electrolytic Regeneration 
(Stone & Vlebster/Ionics) 
Potassium Thiosulfate (Consol) 

Gas Turbine Exhaust 
Scrubber'^' (Rolls Royce) 
Manganese Oxide 


